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Abstract 
 
The thesis topic concerns the analysis of a well-exposed Eocene sediment routing system in the 
wedge-top zone of the southern Pyrenees. The Escanilla sediment routing system can be used as a 
case study of generic value in understanding the dynamics of an ancient source-to-sink system. The 
Escanilla Formation is a mid-upper Eocene (Bartonian – Priabonian) siliciclastic sedimentary system 
that was sourced from the Axial Zone of the Pyrenees and deposited on top of the fold-thrust belt of 
the south-central tectonic unit. Its deposits are found in the Tremp-Graus and Ainsa basins and distal 
time equivalent units are found in the Jaca basin. 
The project involves the definition of the sediment routing system linking source area catchments and 
depositional sinks. It investigates the provenance of sediment in the basin-fill, tracks down-system 
sedimentological and granulometric trends, and evaluates the volumetric budget of the entire sediment 
routing system. 
The reconstruction of the sediment routing system fairway was aided by new provenance data 
comprising U/Pb dating of detrital zircons, detrital apatite fission track analysis, and evaluation of 
clast lithologies in fluvial conglomerates, compilation of palaeoflow indicators from sedimentary 
structures, and a pilot study of heavy minerals. 
A correlation panel is proposed dividing the Escanilla system into three time intervals. Sedimentary 
facies changes, grain-size of conglomerate and grain-size fractions are analysed quantitatively from 
proximal to distal stations within these three time intervals. The fairway, combined with sedimentary 
logs, allows a sediment budget to be constructed. Depositional volumes and surface fluxes are 
calculated for the three time intervals, allowing the temporal evolution of the sediment routing system 
to be constrained. Knowledge of the evolution of sediment budgets and fluxes through time allows an 
assessment of the sediment effluxes of catchment areas feeding the Escanilla system, and helps an 
understanding of how supply signals (grain-size fractions and sediment volumes) are propagated 
down-system. Such propagation is a vital tool in stratigraphic prediction. 
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1.1 Motivation 
Sediment routing systems link sediment liberation from catchments, transport, temporary storage and 
long-term deposition, and therefore involve the tracking of sediment from source to sink. The 
sediment routing system concept is a holistic approach for studying modern and ancient siliciclastic 
sedimentary systems (Castelltort & Van Den Driessche, 2003; Allen, 2008; Somme et al., 2009; Allen 
& Heller, 2012; Allen et al., 2013). It has the benefits that it is amenable to a volume or mass balance. 
Furthermore, teleconnections exist between different parts of the system, so that it can be studied 
dynamically. Sediment routing systems consist of a number of segments or compartments that are 
linked by the processes of sediment transfer (Allen & Heller, 2012). Signals originating in upland 
catchment areas, such as temporal variations in sediment efflux, are propagated through these 
segments and transformed in the down-system direction. The sediment routing system therefore 
consists of a number of segments that are connected by surface sediment fluxes and in which 
sediment is sequestered by deposition (Figure 1.1).  
In order to reconstruct ancient sediment routing systems, it is necessary to map out the pathways of 
sediment transport and deposition within a zone called the fairway. Although in modern examples the 
fairway can be relatively easily mapped based on, for example, the courses of rivers and extent of 
floodplain deposits, or the location of delta lobes, shallow marine sediments, deep-sea fans and 
abyssal plains, in ancient examples this is more challenging. To reconstruct ancient fairways and to 
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connect source regions with depositional sinks, a range of provenance tools are conventionally used 
(Yuste et al., 2004; Das Gupta & Pickering 2008; Caja et al., 2010; McAteer et al., 2010; Heberer et 
al., 2011; Whitchurch et al., 2011; Rehrmann et al., 2012; Nie et al., 2012).  
 
Figure 1-1: Example of a functioning of a sediment routing system. Source regions supply surface 
sediment discharges Q0 into an alluvial basin, in which sediment is sequestered, leaving a surface flux 
into the ocean  Q1. Sediment is stored in coastal and shelf environments, and is discharged at a rate 
Q2 to the slope, and to the deep sea (Q3). Modified from Allen & Allen (2013). 
 
The concept that underpins the sediment routing system approach is the sediment budget. This 
describes how the total sediment released from upland catchments is fluxed through the sediment 
routing system and is sequestered to build stratigraphy. A sediment routing system in a stratigraphic 
sense includes the sediments deposited during a specific geological time period derived from a 
specified source occurring within a mappable depositional fairway. Sediment routing systems can be 
small, only a few kilometres long, when composed only of a catchment area and an alluvial fan, or 
large, many thousands of kilometres long, and composed of a wide variety of depositional 
environments. The larger systems may route sediment from terrestrial to deep marine settings (Allen, 
2008; Somme et al., 2009; Allen & Heller, 2012).   
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In order to understand the functioning of a routing system we need to understand how catchment 
erosion rates, sedimentary fluxes and grain-size distribution translate into stratigraphy. Specific 
questions include how the rates and volumes of sediment released from catchment areas are coupled 
to the activation or deactivation of tectonic structures; how the sedimentary record can be decoded to 
evaluate climatic and tectonic forcings on sediment routing systems; and how the spatial distribution 
of subsidence affects deposition, sedimentary facies and grain-size trends. 
This thesis focuses on the terrestrial segment of an ancient mid to upper Eocene sediment routing 
system preserved in the south-central tectonic unit of the Spanish Pyrenees in the Tremp and Ainsa 
basins and tries to capture the whole system by incorporating data from the deep marine, marine and 
fluvial time equivalent units of the Jaca basin. 
The motivation for this study comes primarily from previously developed concepts of the sediment 
routing system from various works by Allen & Densmore, Barnes & Heins, and Castelltort (see 
reference list). More specific motivation comes from subsequent field studies by Whitchurch et al., 
(2011) on the detrital thermochronology of the south-central Pyrenees, Parsons et al., (2012) on the 
Sis palaeovalley and numerical and field studies of Duller et al., (2010), Armitage et al., (2011) and 
Allen et al., (2013). All these field and numerical models were aimed at reconstructing and 
understanding the controls on grain-size fining within simple gravel-dominated sediment routing 
systems. 
This doctoral study, however, tackles some of the generic questions posed by the above studies in 
gravel-dominated systems and extends these concepts to more complex and complete sediment 
routing systems, where sedimentary facies grain-size partitioning takes place. 
1.2 Review on the sediment routing system: downstream fining, mass balance and 
sediment budgets  
One of the key questions we have about stratigraphic prediction is how catchment erosion rates are 
linked with sediment fluxes in the basin and how these translate into the geological record in the form 
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of sedimentary facies and stratigraphic architecture. Effectively the question that arises from the 
sedimentary records in basins is: what controls grain-size fining and facies distributions and what are 
their relationships with these sediment fluxes? The sediment routing system approach provides the 
means and tools for answering these questions. Studies of the functioning of the sediment routing 
system does not only address the problem of where sediment is coming from, but also tries to 
constrain the quantity and characteristics of this sediment, and where and how it has been distributed 
in the sinks. We refer to this as the ‘Qs problem’, and a paper on this topic published in 
Sedimentology (2013) is included as an Appendix
1
. 
1.2.1 Introduction to the sediment routing system concept 
Allen & Densmore (2000), Densmore et al., (2007) and Allen (2008) focused on the simplest 
sediment routing system of an upland/catchment area of sediment production and a basin area of 
sediment deposition, separated by a bounding fault, and with a closed sediment budget. They 
investigated the response of this prototype system to climatic and tectonic changes. They showed that 
changes in both precipitation rates and slip rates on the bounding fault determine the temporal history 
of sediment efflux and the gross architecture of the hanging-wall basin-fill. 
Duller et al., (2010), Whittaker et al., (2011), Parsons et al., (2012) and Armitage et al., (2011) aimed 
to further understand about what controls the variations in sediment grain-size trends in gravel-
dominated source to sink systems along the length of the system and Allen et al., (2013) examined 
how the ratio between sediment flux and available accommodation for deposition affects sediment 
dispersal patterns in syntectonic, wedge-top foreland basin settings.  
Provenance studies are critical for establishing the connections between source regions, sediment 
transport threads and depositional sinks. The studies may involve light-fraction petrography, heavy 
minerals, clast lithology counts, palaeocurrent analysis, as well as U-Pb geochronology of detrital 
                                                     
1
 Allen, P.A., Armitage, J.J., Carter, A., Duller, R.A., Michael, N., Sinclair, H.D., Whitchurch, A.L. & 
Whittaker, A.C., 2013, The Qs problem: sediment volumetric balance of proximal foreland basin systems. 
Sedimentology, doi:10.1111/sed.12015.  
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zircons and low-temperature thermochronology of apatites and zircons both from bedrock and detrital 
sedimentary rocks in the basin (e.g. Yuste et al., 2004; Das Gupta & Pickering, 2008; Caja et al., 
2010; McAteer et al., 2010; Heberer et al., 2011; Whitchurch et al., 2011; Rehrmann et al., 2012; Nie 
et al., 2012). Application of these techniques to eroding orogenic belts such as the Pyrenees provides 
vital information for establishing the sediment routing fairway and constraining the timing and rate of 
catchment unroofing (Garver et al., 1999; Fitzgerald et al., 1999; Sinclair et al., 2005; Metcalf et al., 
2009; Beamud et al., 2010; Rahl et al., 2011; Whitchurch et al., 2011; Fillon & van der Beek 2012; 
Filleaudeau, et al., 2012).  
Although previous studies have served well as prototypes for understanding the evolution of 
catchments, for reconstructing source-to-sink systems and for understanding grain-size controls in 
their proximal, conglomeratic segments, there is now a need to combine these various elements in 
order to understand the overall dynamics of the system and how surface fluxes are translated into 
stratigraphy (Allen & Heller 2012; Allen et al., 2013). There is a need to extend the sediment routing 
system approach from the simple catchment-fan system to larger sedimentary systems involving the 
far-field transport and deposition of sand and fines as well as conglomerate and with multiple 
sediment sources.  
1.2.2 Mass balance and sedimentary budget 
Einsele (1996) recognised that the main controls on stratigraphic sequences and sedimentary facies 
are the sediment supply, relative sea-level and the ratio between sediment supply and accommodation 
space. Recent studies have shown various methodologies of constraining sediment budgets and 
sedimentary supply in a variety of different settings and data available (Brommer et al., 2009; Barnes 
& Heins, 2009; Weltje & Brommer, 2011; Carvajal & Steel, 2011; Guillocheau et al., 2012). 
Calculating sediment volumes and the sediment budget of a basin is a prerequisite for understanding 
how it functions (Allen, 2008; Allen & Heller, 2012; Allen et al., 2013). Moreover, it is vital in trying 
to decode how sedimentary signals from catchment regions translate into stratigraphy (Allen & 
Heller, 2012) and is the basis of constructing a mass balance framework (Paola & Martin, 2012). 
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The volumetric and mass balance frameworks allow an examination of the interplay and balance 
between accommodation space and sediment supply (Duller et al., 2010; Paola & Martin 2012; Fedele 
& Paola 2007; Strong et al., 2005). The volumetric framework transforms the down-system distance x 
into a scaled cumulative deposited volume co-ordinate system. This transformation enables 
observations from sedimentary systems from basins with different shapes and lengths to be compared 
in a normalised, volumetric co-ordinate system (Figures 1-2; 1-3; 1-4; 1-5; Duller et al., 2010; Paola 
& Martin, 2012). The mass balance framework scales deposited sediment volumes with the total 
sediment supply, and thereby illustrates the interplay between the depositional flux and the bypassed 
surface sediment discharge. This not only allows systems of different shapes and lengths to be 
compared, but also different total sediment volumes. In the same co-ordinate system we can plot 
systems that have orders of magnitude differences in their sediment supply, potentially permitting the 
upscaling of small laboratory tests to real stratigraphic problems (Strong et al., 2005; Paola & Martin, 
2012) 
Strong et al., (2005) and Paola & Martin (2012) showed from both laboratory and subsurface studies 
the benefits of treating the system as a whole in terms of its mass balance. They argued that fluvial 
and deep marine sedimentary architectures and grain-size patterns are governed primarily by mass 
extraction by selective deposition over geological timescales. In other words, for the same ratio of 
sediment supply to total accomodation space in any basin, the same facies assemblages and the same 
bulk grain-size characteristics are expected to be present, regardless of system length and the spatial 
pattern of tectonic subsidence. Consequently, extraction of certain grain-sizes by selective deposition 
provides a fundamental control on the availability of finer grain-sizes downstream, thereby controlling 
fluvial style, fluvial environments, facies and stratigraphic architecture (Strong et al., 2005; Fedele & 
Paola, 2007; Paola & Martin, 2012) (Figure 1-2). 
These studies introduced χ (chi) which is a fraction of the sediment supplied lost by deposition at a 
downsystem distance x to the total sediment supplied to the routing system (Strong et al., 2005; Paola 
& Martin, 2012). In other words χ(x) is the calculated deposited volume at x divided by the total 
sediment supplied. It is a fraction and dimensionless number and replaces the downstream distance x 
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along the sedimentary fairway (Strong et al., 2005). At χ(x) =0; x =0 and there is no deposition; this is 
the beginning of the system. χ(x)=0.25 translates to: 25% of the initial sediment discharged has been 
deposited in the routing system at distance x and 75% of the initial sediment discharged is available 
for deposition downstream of that point x. When χ(x) =0.75 signifies the opposite with 75% of 
sediment locked into stratigraphy and 25% available. χ(x)=0.5 is the depositional midpoint of the 
basin (Strong et al., 2005; Paola & Martin, 2012) and χ(x) =1 signifies the end of the system and 
where all sediment has been exhausted. This is illustrated in figure 1-2 which also shows some of the 
effects of scaling observations in χ(x) co-ordinates in panels of figure 1-2 (a) and (b) (modified from 
Strong et al.,2005). Field examples based on outcrops are needed to test some of these ideas based on 
laboratory experiments.  
 
Figure 1-2: Examples of different sedimentary basin shapes and their transformation from Cartesian 
xyz co-ordinates to a mass-balance framework (modified from Strong et al., 2005). The mass-balance 
co-ordinate for downstream distance is normalised by the total mass of sediment in the system, and 
ranges from 0 (at the source) to 1 (at the full depositional length of the sediment routing system) with 
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0.5 being the depositional midpoint of the system. Examples are shown of the transformation from 
down-system distance (a) to the mass balance co-ordinate  (b) in laboratory examples. In these 
panel Strong et al., 2005 demonstrated that sedimentary architerture is the same for similar (x). 
 
Some modern systems have been constrained in terms of their sediment budget. Brommer et al., 
(2009) and Weltje & Brommer (2011) constrained sedimentary budgets and sedimentation rates from 
subsurface data in a muddy continental shelf setting, and Barnes & Heins (2009) deduced sediment 
budgets by the modelling of sediment isopachs from the basin-fill. Other studies focused on ancient 
systems include Carvajal & Steel (2011), who constrained the sedimentary budget of the shelf to deep 
marine part of the sediment routing system based on isopachs derived from subsurface data. 
Guillocheau, et al. (2012) evaluated sediment accumulation rates on a basin scale by calculating 
sediment budgets for very large geological time steps, constraining isopachs and cross-sectional areas 
from seismic data.  
This thesis presents a methodology whereby the sediment budget of an outcrop-based example of an 
ancient routing system is calculated for the whole system. In addition, the fractionation of grain-size 
(see also §1.2.3) is documented and related to the mass balance. The total sediment volume and its 
grain-size mixture is a clear indicator of the pdf (probability density function) of grain-size released 
from multi-lithologic catchments in mountain belts. 
1.2.3 Downstream fining 
Hirano (1971) explained river bed aggradation and degradation in terms of the transfer of mass 
between surface and substrate, and his three layer model (Figure 1-3). The Hirano model has been 
extensively used to explain downstream fining both in field studies (see above) and laboratory 
experiments. Toro-Escobar et al. (1996) showed that there is a transfer function between the three 
layers and that there is a specific proportion of the active layer and transport layer that becomes 
stratigraphy. Consequently, there may be strong variations in the likelihood of preservation of surface 
sedimentary facies in the geological record of stratigraphy (Allen 2008; Allen et al., 2013; Allen & 
Heller 2012). Toro-Escobar et al.,1996 used experiments to formulate a transfer function using the 
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idea of similarity in grain-size variability in the downstream direction. This transfer function allows 
the prediction of downstream grain-size variation if the spatial distribution of sediment deposition is 
known. 
 
Figure 1-3: The three layer concept that Hirano first established for the transportation of 
heterogeneous bed-load (modified from Toro-Escobar et al., 1996) where the three main layers are 
the bed load, surface layer and substrate. At each point in the basin, in order to create a geological 
archive the surface layer and bed load fluxes are transferred to the substrate to create stratigraphy. 
Note that the sediment fluxes are a lot larger than the depositional fluxes. 
 
For geological time scales the transfer function that describes the transfer of grains from the active 
layer and the transport layer to permanent stratigraphy is the “relative mobility function” of Fedele & 
Paola (2007). In other words, grain-size fining in a sediment routing system occurs due to the relative 
mobility of mass into the system, where the less mobile clasts will be extracted first by a process of 
selective deposition. 
In general, fining occurs due to a) abrasion and b) selective deposition. It has been shown that the 
observed rate of fining in natural systems is too rapid to be explained by abrasion alone and that 
selective deposition must dominate (Toro-Escobar et al., 1996; Fedele & Paola, 2007; Duller et al., 
2010). Downstream fining in fluvial long profiles depends on four key parameters: a) the input 
probability density function (pdf) of grain-size in the supply, b) the magnitude and rate of the 
sediment discharge from the catchment, c) the spatial distribution of subsidence and d) the 
topographic and hydraulic parameters that determine the greater or lower mobility of the grains. 
Information about the latter is readily measurable in modern rivers but rarely preserved in ancient 
examples (Toro-Escobar et al., 1996; Fedele & Paola, 2007; Duller et al., 2010). Numerical, field and 
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laboratory studies have attempted to develop methodologies to describe the downstream fining in 
sedimentary routing systems with only the parameters that are measurable in the field context of an 
ancient routing system, circumventing the problem of unknown hydraulic and topographic 
parameters. It has been shown by Paola et al., (1992), Toro-Escobar et al., (1996) and Seal et al., 
(1997) that hydraulic parameters can be summarised as a pair of relative mobility functions, one for 
the gravel regime and one for the sand regime of rivers or alluvial deposits. 
 
Figure 1-4: Grain-size fining curves based on the relative magnitude of sedimentary supply to the 
available accommodation space (F), after Duller et al., (2010) and Parsons et al., (2012). The higher 
the ratio, the lower the downstream fining rate. (a) Down-system fining resulting from variable Qs; 
(b) Down-system fining resulting from changes in accommodation.  
 
First order controls on downstream fining of grain-size are the competing effects of sediment supply 
and accommodation generation (Fedele & Paola, 2007; Duller et al., 2010; Whittaker et al., 2011; 
Armitage et al., 2011; Parsons et al., 2012; Allen & Heller, 2012; Allen et al., 2013) (Figure 1-4). 
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These studies showed that for a set basin shape an increase in sediment supply (absolute or a relative) 
results in a reduced rate downstream fining (Duller et al., 2010; Whittaker et al., 2011; Parsons et al., 
2012). What these studies additionally reveal is that depositional grain-size trends in underfilled 
basins are very sensitive where there is little bypass of sediment (F<1) (Figure 1-4 (a)). At high values 
of F, as in overfilled basins, there is little difference between fining curves over a wide range of F, 
whereas at low values, grain-size fining curves are sensitive to small changes in F. 
 
Figure 1-5: Down-system trends of grain-size versus distance, cumulative volume and scaled by the 
mass balance, assuming that the grain-size mix of the supply is identical in the three time intervals 
shown. Interval 1 has twice the sediment supply of units 2 and 3, but the spatial distribution of 
accommodation shows decreasing sediment accumulation rates from 1 to 3. Note how the grain-size 
can be compared independent of the basin shape when plotted against cumulative volume and 
independent of sediment supply when plotted against the mass-balance framework. 
 
Basin wavelength and amplitude are very important in affecting regional grain-size trends, through 
their impact on the spatial distribution of accommodation. Basins with a lower amplitude and a longer 
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wavelength, experience slower fining than basins which have a higher amplitude and a smaller 
wavelength, for fixed sediment supply (Figures 1-4 & 1-5). Finally, the pdf of grain-size in the supply 
also affects the down-system fining trend. High variance in the grain-size of the supply causes a 
higher rate of grain-size fining since there is a wider range of sizes that can be ‘sampled’ by selective 
deposition (Fedele & Paola, 2007; Duller et al., 2010; Whittaker et al., 2011).  
Figure 1-5 shows theoretical grain-size curves for 3 stratigraphic units summarising the concepts 
discussed above. It also illustrates how the volumetric and mass balance frameworks can help in the 
quantitative comparison of sedimentological trends in basins with different sediment volumes and 
patterns of accommodation. 
1.3 Key research needs 
This thesis aims to contribute to a number of research questions in the field of sediment routing 
systems research. It does so by satisfying, at least in part, a set of key research needs: 
 There is a need to extend some of the concepts, derived from field and numerical models on 
gravel dominated systems, to larger, more complex and differentiated sediment routing 
systems in which sediment fractionation takes place  
 There is a need to integrate and link catchment denudation rates to the evolution of 
neighbouring basins and stratigraphy. We need to understand how denudation rates translate 
in signals of time-averaged sediment supply, their propagation down-system and the effects 
on the resulting basin stratigraphy.  
 A sediment budget and volumetric study is needed in a whole, real-world source-to-sink 
system in order to understand the quantitative functioning of an ancient routing system 
involving multiple sources and a range of depositional sinks. 
 Measurements of grain-size and facies trends are needed to field test some of the concepts 
previously developed in laboratory experiments and numerical models studies. 
Chapter 1 
22 
1.4 Specific Study Aims and Objectives 
1.4.1 Aims 
This thesis aims to field-test some of the concepts developed from laboratory experiments and 
numerical models of grain-size fractionation in stratigraphy (Toro-Escobar et al., 1996; Strong et al., 
2005; Fedele & Paola, 2007; Duller et al., 2010; Armitage et al., 2011; Allen et al., 2013) by using as 
a field example the well-exposed and already well-documented Eocene stratigraphy of the wedge-top 
basin fills of the southern Pyrenees.  
The study extends the downstream fining concept into the sandy fluvial regime, and establishes a 
volumetric sediment budget from source-to-sink aided by a range of provenance tools. The area in the 
south-central Pyrenees (Tremp-Graus, Ainsa and Jaca basins) is chosen where the source area, the 
transfer zone and the distal depocentres crop out and are available for study.  
Then main focus is the middle to upper Eocene Escanilla sediment routing system of the South-
Central tectonic unit of the Pyrenees. By looking at the stratigraphic architecture and geological 
record of the Escanilla time-equivalent units along the sedimentary fairway from source to sink, it is 
possible to see how the various components of this system worked.  
1.4.2 Objectives 
In order to address the main research needs the following tasks have been undertaken in the Escanilla 
system: 
 The teleconnections and correlations between various Escanilla-age outcrops have been 
established and the pathways linking source regions to depositional sinks have been 
identified. Escanilla-aged units of known time span have been correlated from source to sink 
and characterised sedimentologically. 
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 The depositional fairway and the catchment regions of the Escanilla sediment routing system 
have been defined, based on field observations, provenance work, seismic interpretation the 
use of existing maps and DEMs in Arc GIS. 
 The denudation history of the catchment/source regions of the Escanilla system have been 
constrained from new thermochronological analyses, which supplement previously published 
datasets. 
 Sedimentological studies of the Escanilla Formation and age equivalents illustrate the 
evolution of the system through time and along the fairway. The sedimentological data serve 
as the main input data for constraining the sediment budget and provided the sedimentological 
information on grain-size and lithofacies changes along the fairway. 
 A volumetric budget has been carried out and the grain-size mix of sediment released from 
catchment regions has been approximated, for each of the three time intervals of the Escanilla 
sediment routing system.  
 A volumetric and mass-balance framework has been constructed and compared against 
sedimentological observations of grain-size and facies in order to provide a scaled 
documentation of down-system trends. 
1.5 Thesis structure 
Chapter 1: Thesis introduction, explains the motivation of this study and key research needs that come 
from reviewing the literature, particularly on recent advances in the sediment routing system concept, 
grain-size fining and mass balance approaches. 
Chapter 2: Literature review of the Escanilla Formation. In this chapter the geological background is 
presented for the Spanish Pyrenees and more specifically for the Escanilla system. The main findings 
on the evolution of the routing system, including its catchment areas are summarised.  
Chapter 3: This chapter deals with the reconstruction of the fairway and catchment regions of the 
Escanilla source-to-sink system and the correlation of its internal subdivisions. The chapter presents 
new provenance data and a correlation panel from source to sink. It presents maps for both the 
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sedimentary fairway and the likely location of palaeo-catchment regions that sourced the Escanilla 
routing system. 
Chapter 4: Thermochronological study of the Escanilla basin-fill, with implications for catchment 
erosion rates. This chapter shows a new apatite fission track analysis from samples collected from the 
basin fill. Detrital data are compared with existing bedrock thermochronological studies to help 
constrain the denudation evolution of the source regions for the Escanilla system.   
Chapter 5: Sediment budget of the Escanilla system. This chapter shows the methodology developed 
for calculating a sediment budget from an outcrop-based example. It uses sedimentological data 
combined with a volumetric analysis of the fairway to illustrate the depositional fluxes and connecting 
surface sediment discharges in a mass balance framework.  
Chapter 6: Mass balance and volumetric effects on grain-size trends in gravel in the fluvial segment. 
In this chapter the down-system grain-size of gravel in proximal parts of the routing system are 
presented and interpreted as a test of concepts developed from laboratory and numerical model 
studies. 
Chapter 7: Thesis implications and conclusions. This chapter briefly summarises the main findings of 
the research and highlights some general implications of the work. 
Appendices: Thermochronological data tables, grain-size, clast composition heavy mineral results, 
and sedimentological logs are included as Appendices. Papers published during the carrying out of 
these doctoral studies are included as pdfs. 
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The study area is located in the fold-thrust belt of the Spanish Pyrenees and specifically on the South-
Central tectonic unit (Muñoz et al., 1986; Figure 2-1). The South-Central Unit is trapezoidal in plan-
form geometry and is bounded from the Eastern Pyrenees by the Segre thrust (Figure 2-1) and to the 
west by the N-S trending structures of Boltaña and Mediano anticlines (Puigdefábregas & Souquet, 
1986; Bentham et al., 1992; Coney et al., 1996; Poblet et al., 1998; Ardèvol et al., 2000; Vergés et al., 
2002; Casas et al., 2002). These anticlines subdivide the south-central region into a number of along-
strike compartments or sub-basins in the wedge-top region. From east to west, these are the Tremp-
Graus, Ainsa and Jaca basins. Other orogen-parallel thrust structures (Morreres backthrust, Boixols 
thrust, Montsec thrust, External Sierras) divide the south-central tectonic unit into a series of basins in 
the Eocene (Figure 2-1). From north to south, these are the Senterada, Pobla, Tremp and Ager basins. 
The present study focuses on the mid to upper Eocene fluvial sedimentary successions in the Tremp-
Graus and Ainsa sub-basins but also follows the system into the Jaca basin where the depositional 
terminus is located (Turner 1992; Teixell 1998; Hogan & Burbank 1998). 
This chapter reviews much of the background material that is important for understanding the tectono-
stratigraphic evolution of the field area. In particular, this review addresses (a) the general geological 
evolution of the Pyrenees, and the formation of the Pyrenean fold-thrust belt; (b) the tectono-
sedimentary evolution of Palaeogene wedge-top basins in the South-Central Pyrenees; (c) the timing 
and changes of depozones and sinks; (d) the temporal and spatial evolution of the Escanilla sediment 
routing system; and finally (e) the exhumation history of the catchment regions of the Escanilla 
sediment routing system in the Axial Zone of the Pyrenees. 
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Figure 2-1: Regional map of the Pyrenees showing the study area and the location of the seismic line 
figure 2.2 and transect shown in figure 2.3. The Axial Zone represents a doubly vergent antiformal 
stack (grey) bounded by the fold and thrust belt and the wedge top basins in either side. The Ebro 
Basin and Aquitania Basin represent the pro- and retro-foreland basins respectively (adopted from 
Das Gupta & Pickering 2008). Rectangle shows study area of this thesis. 
 
2.1 General Pyrenean Geology 
The doubly vergent Pyrenean wedge is the result of the continental collision between the Iberian and 
European plates in the Tertiary (Vergés et al., 2002; Choukroune, 1992). The pre-collisional history 
of the Pyrenean region, however, is marked by lithospheric extension. This regime was coupled with 
the northwards propagation and opening of the Atlantic Ocean, (Vergés et al., 1995; Vergés et al., 
2002) which initiated in the Stephanian (latest Carboniferous) to Late Permian (~250 Ma, Ziegler, 
1990; Saura & Teixell, 2006 and references therein). Red beds and evaporites of the Peranera 
Formation overlie Permian and Carboniferous alluvial and volcanic/pyroclastic rocks (Hercynian) and 
older Palaeozoic metamorphic sedimentary rocks comprising the basement and core of the Pyrenees 
(Sanz-López et al., 2002a; Sanz-López, 2002b; Sinclair et al., 2005; Saura & Teixell, 2006). The two 
main phases of rifting took place in Late Jurassic to Early Cretaceous and late Barremian to Albian 
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times, and resulted in thinning of the crust between Iberia and Europe (Vergés et al., 2002). Rifting in 
the north of the Iberian plate formed at a trend of ESE-WNW parallel, to the current direction of the 
mountain chain. During this extensional phase there was deposition of thick Mesozoic platform 
limestone units (Puigdefábregas & Souquet, 1986; Ardèvol et al., 2000; Vergés et al., 2002).  
The opening of the Bay of Biscay from the Albian to Cenomanian (~110-93.5 Ma) signified the end 
of extension in the central part of the rift. These movements caused the anticlockwise rotation of the 
Iberian plate (Fabriès et al., 1998; Vergés, et al., 2002; Swanson-Hysell & Barbeau, 2007; 
Whitchurch et al., 2011). The deformation was controlled by transtensional motion along the North 
Pyrenean Fault Zone (Muñoz, 1992). The period is associated with a peak of Alpine metamorphism 
along the Iberian range and North Pyrenean Fault Zone and emplacement of upper mantle slices in the 
pull-apart basins created along the principal displacement zone (Fabriès et al., 1998). Away from the 
North Pyrenean Fault Zone and the axis of the transtensional movements, the previously rifted and 
faulted margins thermally relaxed and subsided during this period (Vergés et al., 2002).  
Subsequently in the early Palaeocene, strike-slip tectonics changed to a full convergent-compressional 
regime, and later to collisional orogenesis in the Tertiary along the plate boundary between Iberia and 
Europe (ECORS Pyrenean team 1988). Initially, the normal faults of the earlier rifting phase were 
inverted to accommodate the contractional movements (such as Boixols thrust, Ardèvol et al., 2002; 
Sinclair et al., 2005; figures 2-1 & 2-4). Later, as the collision evolved, the deformational style and 
structures in the south-central Pyrenean region were dominated by the décollement of the Mesozoic 
and Cenozoic rocks above Triassic evaporitic units, with a typical thin-skinned tectonics style of 
deformation (Choukroune 1992; e.g. Figure 2-2 interpreted from Ardèvol et al., 2002). 
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Figure 2-2: Typical cross-section showing the Montsec thrust and structural style of the fold-thrust 
belt in the Tremp-Graus Basin, South Central Pyrenees (from Ardèvol et al., 2000) following SP-44 
seismic line (IGME) shown in the map in figure 2.1. It shows the relationship between the main 
structures and upper Eocene units. The Mesozoic limestone units act as competent layers that detach 
the wedge-top basin on top of weak Triassic evaporitic layers. 
 
The general anticlockwise motion between the Iberian and Europe resulted in an oblique collisional 
style of shortening (Verges et al., 2002; Verges 2007; Whitchurch et al., 2011). This resulted in 
earlier tectonic development of the Eastern Pyrenees and westwards propagation of the locus of 
shortening, with later development of the Western Pyrenees in the late Eocene (Hogan & Burbank, 
1996; Teixell, 1998; Costa et al., 2010; Whitchurch et al., 2011).  
The collisional Tertiary evolution of the Pyrenees formed a doubly vergent Pyrenean wedge, with the 
following distinctive structural units, in the order from north to south: 1) Aquitaine retro-foreland 
basin and 2) related North Pyrenean thrust system, 3) the Axial Zone comprising crystalline basement 
and overlying thrust units (Figures 2.4 & 2.5), 4) the South Pyrenean thrust system and 5) Ebro pro-
foreland basin (Muñoz et al., 1986; Muñoz, 1992; Vergés et al., 1995; Vergés et al., 2002). From east 
to west, the South Pyrenean complex and thrust belt can be further subdivided into three zones: 1) the 
Eastern Pyrenees, which extends from the Mediterranean Sea to the Segre thrust (Figure 2.1); 2) the 
Central Pyrenees from the Segre thrust to the Pamplona fault, and 3) the Western Pyrenees from the 
Pamplona fault to the Atlantic Ocean (Vergés et al., 2002).  
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The east to west development of the Pyrenean mountain chain and its fold-thrust belt resulted in the 
development of various depozones and sub-basins in the South-Central and Western Pyrenees, which 
evolved from flexural foredeeps  to wedge-top basins and eventually regions of sediment bypassing 
(Verges et al., 2002; Verges, 2007) (Figures 2.1; 2.2; 2.3). The Escanilla Formation was deposited on 
the wedge-top basins of Central Pyrenees (Bentham et al., 1993; Dreyer et al., 1999; Pickering & 
Bayliss, 2009; Labourdette, 2011).  
 
Figure 2-3: Cross-section through the Pyrenees showing the broad structures (modified after Sinclair 
et al., 2005);  the Ebro basin, South Pyrenean thrust belt, Nogueres Zone, Axial Zone, North 
Pyrenean Zone and north Pyrenean thrust zone and Aquitaine basin. The main source areas for the 
sediment of the foreland basin systems are the Nogueres and Axial Zones. 
 
2.2 Basins of the south Pyrenean fold-thrust belt 
The South-Central Pyrenean wedge-top basins developed as initially under-filled and marine basins 
from 55 to 36 Ma (Ypresian, Lutetian and early Priabonian) and subsequently became over-filled and 
fully terrestrial in character. This stratigraphic trend also took place in the Jaca basin of the Western 
Pyrenees (Puigdefábregas et al., 1992). The late Eocene boundary at 36 Ma coincided with the uplift 
of the Western Pyrenees (Teixell, 1998; Costa et al., 2010), which caused the formation of an 
extensive foredeep (Ebro Basin) enclosed by the Pyrenees, Costal Catalan chain and Iberian Ranges. 
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It is clear that the siliciclastic sedimentation in the Tertiary was highly affected by the development of 
the fold-thrust belt. A diachronous westward shift of facies and depositional environments can be 
identified (Bentham et al., 1993; Ardèvol, 2000; Whitchurch et al., 2011). The sedimentary 
environments evolved from initial deep marine, to shallow marine, marginal marine and terrestrial 
fluvial from the east towards the west and south away from the developing wedge. This shift is 
associated with the progressive migration of depocentres and the timing of activity of the main 
tectonic structures that confined and created the wedge-top basins. Figure 2-4 shows the main 
structures and the timing of their movement.  
 
Figure 2-4: Timing and evolution of the main structures in the Pyrenean bivergent wedge in the pro 
and retro side of the Pyrenean chain in the Eastern Pyrenees (after Sinclair et al., 2005). The study is 
focussed in the Tremp and Pobla basins shown in red box. The main structures that bounded the 
Escanilla system throughout its deposition are the Morreres backthrust, the Boixols, Montsec, and 
Sierras Marginalles thrust systems. Most of these thrust systems were active during the intial stages of 
the deposistion of the Escanilla Formation with the Sierras Marginales still active in the Oligo-
Miocene. Deposition of the Escanilla and lateral equivalents spans the period from ca 41.6 Ma to 
33.9 Ma (approximately 8 Myr).Tectonic activity took place throughout the deposition of the 
Escanilla Formation, and denudation rates in the Pyrenean catchments peaked in the Priabonian-
Rupelian. 
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The Boixols Thrust complex is the oldest of the thrust sheets and consists of several thrust sheet 
splays of the Boixols, Riu and Turbon Thrusts (Ardévol et al., 2000; Sinclair et al., 2005). The 
movement on this thrust coincides with the initial stage of evolution of the pro-wedge (Figure 2-4; 
Sinclair et al., 2005; Whitchurch et al., 2011). The syntectonic sedimentary deposits to the Boixols 
thrust system in the Tremp-Graus Basin are part of the Campanian to Maastrichtian succession, which 
incorporates the Vallcarga, Arén and Tremp Formations, which are turbiditic, deltaic and fluvial 
facies respectively (Ardévol et al., 2000). In the Late Cretaceous, sources in the east filled early 
depocentres very close to the prograding wedge with up to 3400 m of sediment (Ardévol et al., 2000). 
The sedimentary record suggests an overall shallowing-up trend from the deep marine turbiditic facies 
to more marginal marine and continental red beds of the Tremp Formation. These sediments are 
overlain by a mildly deformed Palaeocene to middle Eocene Montañana Group (Nijman, 1998; 
Ardévol et al., 2000). The Montañana Group represents a tidally influenced fluvial to marginal marine 
setting in Tremp-Graus basins (Cuevas Gonzalo, 1989; Nijman, 1998). The upper most units of this 
Group are the Perarrua and Capella Formations (Cuevas Gonzalo, 1989), dated as middle Eocene. The 
Montañana system bypassed sediment to the Hecho Group and Sobrarbe delta units in the Ainsa basin 
in the west. 
In turn, the Ainsa basin became part of the foredeep with accumulation of up to 4 km of deep marine 
sediments from early to middle Eocene in age (Pickering & Corregidor, 2005). This period coincides 
with the maximum rates of tectonic subsidence recorded in the Ainsa basin (average of 0.40 mm yr
-1
) 
and maximum rates of shortening and thrust front propagation (Dreyer et al., 1999; Heard et al., 
2008). Contemporaneously, the Tremp-Graus basins were occupied by fluvial to marginal marine 
facies, whereas to the west, palaeo-depth estimations for the Ainsa basin range between 400-800 m 
based on micro-paleontological evidence (Pickering & Corregidor, 2005). First order control on the 
depositional style was tectonic subsidence and the growth of both the Mediano and Boltaña anticlines, 
which shifted the depositional axis throughout the deposition of the Hecho Group turbidites 
(Pickering & Corregidor, 2005; Heard et al., 2008). The deep marine sediments of the Hecho Group 
are overlain by the Sobrarbe deltaic unit of Bartonian age (Dreyer, et al., 1999). Figure 2-5 
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summarises the Eocene stratigraphy of the Tremp-Graus and Ainsa Basins (Beamud et al., 2003). The 
Escanilla Formation (part of the Campodarbe group) spans 41.6 to 33.9 Ma (Beamud, et al., 2003; 
2010) and is capped by the Antist or Collegats conglomerates (or Upper Campodarbe Group) of the 
Oligocene.  
The Jaca basin throughout the Eocene was part of the foreland basin, which migrated southwards and 
westwards. It experienced deep marine sedimentation sourced by various routing systems (such as 
Montañana and Escanilla). In the late Eocene and early Oligocene the area experienced thrust 
detachment and the wedge-top Jaca basin was formed, with subsequent fluvial sedimentation of the 
Campodarbe Group. 
 
Figure 2-5: Stratigraphy of the Eocene in the Tremp-Graus and Ainsa basins adapted from Beamud et 
al. (2003). The Escanilla Formation in pale yellow overlies stratigraphically the Montañana Group 
and spans from 41.6 to 33.9 Ma interval (late Lutetian, Bartonian and Priabonian). The Escanilla 
Formation is capped by the Oligocene Antist Group in the Pobla Basin, equivalent to the Upper 
Campodarbe of the western Ainsa Basin. 
 
2.3 Escanilla Formation 
The Escanilla Formation was deposited from a gravel-sand rich fluvial system of mid-late Eocene age 
(Bentham & Burbank, 1996; Hogan & Burbank, 1996; Beamud et al., 2003) that was primarily 
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sourced from the Axial Zone of the Spanish Pyrenees (Duller et al., 2010; Whittaker et al., 2011; 
Whitchurch et al., 2011; Parsons et al., 2012) and was deposited on top of the active fold-thrust belt 
of the pro-wedge of the South-Central unit. The maximum length of the Escanilla palaeo-sediment 
routing system is ~200 km, extending from the Tremp–Graus and Ainsa basins all the way to the 
outer Jaca basin (Atkinson, 1983; Bentham et al., 1993; Hogan & Burbank 1996; Dreyer et al., 1999).  
 
Figure 2-6: Map of the Escanilla palaeo-sediment routing system in the Tremp-Graus, Ainsa and 
Jaca basins. The main structures are; Turbon and Col de Vent as part of the Boixols complex, the 
Mediano lateral ramp that splays from the Montsec complex; the Boltaña northward splay from the 
Sierras Exteriores. The Escanilla palaeo-routing system outcrops in the Sis palaeovalley, Gurp, 
Viacamp, Lascuarre, Ainsa and Jaca regions. 
 
The palaeo-sediment routing system includes a wide variety of sedimentary facies and depositional 
environments; from proximal palaeovalley fanglomerates, to braided-meandering fluvial and 
lacustrine deposits in the Tremp-Graus basin and braided to meandering channels of the Graus and 
eastern Ainsa basins (Vincent, 2001; Mellere, 1993; Bentham et al., 1993; Labourdette & Jones, 
2007; Labourdette, 2011; chapters 3 & 5). These sediments (Figure 2-5) are linked with time-
equivalent deep marine deposits of the Hecho Group and Arguis Marls, deltaic and shallow marine 
deposits of the Belsué/Atarés Formation and Lower Campodarbe group fluvial units in eastern (Jolley, 
1987 (PhD thesis); Bentham et al., 1993; Hogan & Burbank, 1996; Dreyer et al., 1999; Costa et al., 
2010; Caja et al., 2010) and western Jaca Basin (Turner (PhD thesis) 1988; Turner, 1992) based on 
palaeogeographic reconstructions.   
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This study focuses on the Eocene fluvial sedimentary successions of the Tremp-Graus and Ainsa 
basins. The fluvial segment of the Escanilla palaeo-sediment routing system includes two major 
tributaries represented by the conglomerate fans of the Sis Palaeovalley and Gurp, the fluvial 
sediments of the Campodarbe Group in Tremp-Graus region (Viacamp and Lascuarre areas) and the 
Escanilla Formation in the Ainsa basin (Figure 2.6). New provenance data are presented to support the 
correlation of localities in the Tremp-Graus and Ainsa basins with time-equivalent units in the Jaca 
basin.  
The deposition of the Escanilla Formation was confined by structural controls in the Tremp-Graus and 
Ainsa basins by the Montsec and External Sierras thrusts (figures 2-1; 2-3; 2-4; & 2-6) and their NW-
SE trending splays, the Mediano and Boltaña anticlines. Seismic data from Lascuarre and Ainsa 
regions indicate that these structures were in place and active during the late Eocene (Figure 2-4). The 
Mediano and Boltaña anticlines (Figure 2-6) are lateral ramps that splay from the Montsec and 
External Sierras complexes and are strongly associated with the evolution of the wedge-top basins. 
These folds initiated in the early Eocene at the onset of wedge-top basin formation (Bentham et al., 
1992; Sinclair et al., 2005; Figure 2-4). Pro-wedge structures were also active throughout the 
deposition of the Hecho Group (Heard, et al., 2008; Pickering & Bayliss, 2009) and controlled the 
spatial distribution and depositional style of the deep marine turbidites. The effect of tectonic 
structures in guiding sediment dispersal pathways in the Escanilla palaeo-sediment routing system can 
also be seen in the distribution of palaeocurrents (chapter 3). Even though the Mediano and Boltaña 
anticlines were orientated at high angles to the regional east to west palaeoflow direction, studies of 
the Mediano anticline (Poblet, et al., 1998) suggest that its southern part had low or no relief during 
the late Eocene, allowing the connection between the Tremp-Graus and Ainsa basins. 
Palaeogeographic reconstructions (Bentham et al., 1992; Hogan & Burbank 1996; Dreyer et al.,1999), 
provenance studies (Jolley (PhD thesis) 1987) and sediment budget studies (Teixell, 1998) indicate 
that the terminus of the Escanilla sediment routing system , where sediment was exhusted, was in the 
western Jaca Basin. The basin experienced significant subsidence in the middle Eocene as part of the 
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foredeep of the Pyrenean system, resulting in deep marine environments. The sedimentary system was 
less confined than in the Tremp-Graus and Ainsa basins during this period up to the Priabonian-
Bartonian, when the Jaca basin became incorporated into the orogenic wedge. Thrust faults and folds 
related to the process of closing of the Western Pyrenees (Hogan and Burbank, 1996; Teixell, 1998; 
Costa et al., 2010) started forming in the Bartonian-Priabonian in the Internal Sierras (Jolley, 1987 ; 
Bentham et al., 1992; Whitchurch, et al., 2011) and in the Rupelian (36-30 Ma) in the External Sierras 
(Hogan and Burbank, 1996). The Escanilla time-equivalent units were uplifted as they were 
incorporated into the Pyrenean orogen by the late Oligocene and provided sediment for late Oligocene 
alluvial fans of the Ebro basin (Nichols, 2005).  
2.4 Thermochronological evolution of source regions in the South-Central Pyrenees 
Recently a large number of studies have tried to determine the detailed thermal and tectonic evolution 
of the Axial and Nogueres zones of the Pyrenees, which acted as the source region for sediment 
routing systems throughout Palaeogene times (Garver et al., 1999; Fitzgerald et al., 1999; Sinclair et 
al., 2005; Beamud et al., 2010; Metcalf et al., 2009; Rahl et al., 2011; Whitchurch et al., 2011; Fillon 
& van der Beek, 2012; Filleaudeau et al., 2012). The determination of this evolution has been possible 
based on thermochronological studies from bedrock samples in the catchment regions (Fitzgerald et 
al., 1999; Sinclair et al., 2005; Gibson et al., 2007; Metcalf et al., 2009; Fillon & van der Beek, 2012) 
and from detrital samples in the sedimentary fill of Tremp-Graus and Ainsa basins (Beamud et al., 
2010; Whitchurch et al., 2011; Rahl et al., 2011; Filleaudeau et al., 2012). These studies provide 
evidence of exhumation and cooling since apatite and zircon fission tracks are temperature and burial 
dependent and potentially record when a parcel of rock has passed specific isotherms in the 
subsurface of the upland or basin regions.  
During the Late Cretaceous to Palaeocene the Pyrenees experienced oblique convergence, with 
contemporaneous extension in the Bay of Biscay and convergence in the Eastern Pyrenees (Munoz, 
1992; Sinclair et al., 2005; Whitchurch et al., 2011). The beginning of convergence in the east is 
estimated at around 83 Ma (Puigdefábregas & Souquet 1998; Rosenbaum et al., 2002; Metcalf et al., 
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2009) based on plate tectonic reconstructions. The earliest thermal and exhumation events in the 
evolution of the Pyrenean wedge have been recorded by K-Feldspar Ar
40
/Ar
39
 thermal modelling, 
suggesting heating of the Maladeta massif (Metcalf et al., 2009) and from zircon thermochronological 
ages interpreted to be associated with shortening during the Campanian (~78 Ma Whitchurch et al., 
2011).  
In the Palaeocene, the Pyrenees underwent a period of 10-15 Myr of relative tectonic quiescence 
(Rosenbaum et al., 2002; ~68-56 Ma, Whitchurch et al. 2011) based on plate reconstructions. Based 
on apatite thermochronological studies on basement transects, by the late Palaeocene to early Eocene 
the Maladeta and Marimaña massifs were experiencing broad erosional exhumation (Sinclair et al., 
2005). The convergence re-started in the early Eocene, as recorded by zircon and apatite 
thermochronological age components (~51 Ma, Whitchurch et al., 2011; ~56-48 Ma Rahl et al., 2011; 
Beamud et al., 2010). From middle to late Eocene the catchment underwent reorganisation due to the 
emplacement of the Orri thrust unit and further shortening of the central Pyrenees by out-of-sequence 
thrusting (Vergés et al., 2002; Sinclair et al., 2005; Beamud et al., 2010; Whitchurch et al., 2011). 
In the late Eocene to Oligocene uplift of the Western Pyrenees initiated sediment supply to the Jaca 
basin, based on sedimentological data (Hogan & Burbank, 1996; Teixell, 1998; Costa et al., 2010). In 
contrast, the Central Pyrenees experienced rapid exhumation (0.5-2.0 mm yr
-1
) from the late Eocene 
to Oligocene (37-30 Ma), supported by bedrock thermochronological data and modelling (Sinclair et 
al., 2005; Metcalf et al., 2009; Rahl et al., 2011; Fillon & van der Beek, 2012). This phase of rapid 
cooling ended at ~30-25 Ma (Sinclair et al., 2005; Metcalf et al., 2009; Beamud et al., 2010). The 
final thermal event took place in the Oligocene (~30 Ma, Whitchurch et al., 2011) in response to 
underplating and stacking in the Central Pyrenean Axial Zone (Sinclair, et al., 2005) associated with 
the Rialp unit. The deceleration of catchment exhumation rates (<0.2mm yr
-1
) continued until 
approximately 15 Ma (Metcalf et al., 2009; Rahl et al., 2011). The whole system underwent re-
excavation in the mid to late Miocene, associated with base-level drawdown associated with the 
salinity crisis in the Mediterranean Sea (Evans & Arche, 2002). 
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2.5 Summary 
The doctoral study of the Escanilla sediment routing system (Bentham et al., 1993; Labourdette, 
2011) is located in the South-Central tectonic unit of the Pyrenees and focuses on the deposits of the 
Tremp-Graus, Ainsa and Jaca basins. The Pyrenees has approximately 60 Myr of collisional history 
(Sinclair et al., 2005) with approximately 165 km of shortening leading to the building of a bivergent 
orogen. Oblique collision resulted in the east to west development of the Pyrenean wedge and 
consequently the depositional sinks and basins. During the deposition of the Escanilla Formation the 
Central Pyrenees has already been developed and the Western Pyrenees became eventually uplifted by 
the latest Eocene. In the late Eocene, the Tremp-Graus and Ainsa basins were already incorporated 
into the wedge-top, whereas the Jaca basin remained as a foredeep. With the later development of the 
Western Pyrenees and the External Sierras, the Jaca basin also became a wedge-top basin. 
The Escanilla Formation is a gravel- and sand-rich siliciclastic system dominated by braided fluvial 
deposits and large proportions of muddy overbank deposits located in the Ainsa and Lascuarre 
sections (Bentham et al., 1993; Bentham, 1992; Bentham & Burbank, 1996). The Escanilla Formation 
is part of a bigger sediment routing system that was sourced from the Axial Zone of the Central 
Pyrenees (Dreyer et al., 1999; Vincent 2001; Whitchurch et al., 2011; Parsons 2012). Teleconnections 
existed between this source region and the distal ends of the system in the Jaca basin (Jolley, 1987; 
Bentham et al., 1992; Teixell, 1998; Dreyer et al., 1999; Caja et al., 2010). 
From Bartonian to Rupelian the catchment regions in the Central Pyrenees underwent reorganisation 
with the emplacement of the Orri thrust unit. In the Priabonian an increase of denudation rates in the 
catchment region is recorded (0.5-2mm yr
-1
) based on apatite fission track cooling ages and short lag 
times in bedrock samples (Fitzgerald et al., 1999; Sinclair et al., 2005; Gibson et al., 2007; Metcalf et 
al., 2009; Fillon & van der Beek, 2012) and detrital samples from the basin-fill respectively (Beamud 
et al., 2010; Whitchurch et al., 2011; Rahl et al., 2011; Filleaudeau et al., 2012). Contemporaneously, 
the western Pyrenees were uplifted and provided sediment to the western part of the sediment routing 
system. 
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3.1 Introduction 
The first step in studying a source-to-sink system is to reconstruct the sedimentary transport paths that 
collectively delimit the sediment routing system ‘footprint’ or ‘fairway’ (Allen et al., 2013, Allen & 
Allen 2013; Fig 1.1). Understanding the palaeogeography and fairway of any sedimentary system are 
essential components towards constraining the functioning of the system. This chapter presents a case 
study of the Escanilla Formation where this step is taken and the source-to-sink system is delimited 
based on field observations and provenance tools. 
In order to reconstruct the system a variety of provenance tools have been used. The tools used here 
are palaeocurrent directions (Reading, 1996; Allen, 1997; Collinson, et al., 2004; Nichols, 2009; 
Tucker, 2011;), U/Pb geochronology of detrital zircons (McAteer et al., 2010; Adams et al., 2011; 
Whitchurch et al., 2011; Shen et al., 2012; Nie et al., 2012; Dinis et al., 2012;) clast lithology 
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counting of gravels (Vincent, 2001; Duller et al., 2010; Whittaker et al., 2011; Parsons et al., 2012), 
heavy minerals point counting (Allen & Mange-Rajetzky, 1992; Morton & Hallsworth, 1999; Carter, 
2007; Pinto et al., 2007; De Rossi Fontanelli & Remus,, 2009; Nie et al., 2012) and detrital apatite 
fission track analysis (see Chapter 4 for more details). A combination of these tools allows a better 
understanding on possible source areas and the evolution of the catchment and the basin through time.  
3.1.1 Pyrenean Geology 
A detailed account of the geological evolution of the Pyrenees is given in chapter 2; however, a small 
summary is presented here. The Pyrenean chain is located in the borders between Spain and France 
and formed during collision between the Iberian and the European continental plates, which took 
place between Late Cretaceous and Miocene (Vergés et al., 2002; Sinclair et al., 2005). This 
collisional event formed the Pyrenean doubly vergent wedge (ECORS Pyrenean team 1988; Teixell 
1998) and an associated fold-thrust belt and foreland basin system on either side of the wedge 
(Munoz, 1992). We focus on the pro-wedge (Spanish side) of this system. Collision started in the 
Eastern Pyrenees (Palaeocene) and propagated with time to the west (late Eocene) (Hogan & 
Burbank, 1996, Costa et al., 2010; Whitchurch, 2011) forming a number of foreland basins that later 
were incorporated into the wedge-top (Puigdefábregas & Souquet, 1986; Ardèvol et al., 2000; Sinclair 
et al., 2005; Costa et al., 2010). These foreland depocentres were the Tremp-Graus, Ager, Ainsa, Jaca 
and Ebro basins. This provenance study focuses on the Escanilla Formation, which was deposited in 
the wedge-top Tremp, Ainsa and Jaca basins (Bentham et al., 1993; Dreyer et al., 1999; Beamud, et 
al.,2010). 
3.1.2 The Escanilla sediment routing system and previous palaeogeographic reconstructions 
The Escanilla Formation is a mid to late Eocene unit comprising fluvial sediments deposited in a 
wedge-top setting in the Ainsa (where the village of Escanilla is located) and Tremp-Graus basins 
(Bentham et al., 1993). This system was sourced primarily from the Nogueres and Axial zones of the 
Pyrenees (Vincent, 1993, 2001; Duller et al., 2010; Whittaker et al., 2011, Parsons et al., 2012). The 
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alluvial fanglomerate units in the Sis palaeovalley (Vincent, 1993; 2001) and Gurp/Pobla region are 
thought to have acted as the main input feeder points for this system. In addition, the Escanilla alluvial 
system is thought to have sourced time-equivalent units in the Jaca Basin (Jolley, (PhD thesis) 1987; 
Bentham et al., 1993; Teixell, 1998; Dreyer et al., 1999) based on palaeogeographic reconstructions, 
balanced cross-sections and provenance analysis undertaken in these areas.  
Figure 3-1 shows large-scale palaeogeographic reconstructions of mid to late Eocene intervals and 
summarise the main ideas from previous studies (e.g. Bentham et al., 1992; Nijman et al., 1996; 
Dreyer et al., 1999; Whitchurch et al., 2011). Previous studies based their reconstruction on 
provenance analysis and field observations, mainly in the Hecho Group in both the Jaca and Ainsa 
basins and from mid-late Eocene units in the Tremp, Ainsa and Jaca basins (e.g. Remacha et al., 
2005; Das Gupta & Pickering, 2008; Caja, et al., 2010; Whitchurch et al., 2011). These provenance 
and palaeogeographic reconstructions demonstrate the teleconnection between the alluvial plains of 
Tremp, Ainsa basins and Jaca basin and the source regions in the Central Pyrenees. 
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Figure 3-1: Palaeo-geographic reconstructions for the mid to late Eocene in the South Central Pyrenees A) Reconstruction of Bentham et al., 1992 showing 
tele-connection between the Escanilla system and Jaca basin, B) Dreyer et al., 1999 reconstruction of the Sobrarbe delta in Ainsa basin with Tremp alluvial 
plain and Jaca basin. C) Reconstruction of the sediment routing system from Das Gupta & Pickering, 2008. It shows possible connections between Ainsa 
systems and Jaca basin. D) Reconstruction of the sediment routing system from Whitchurch et al., 2011 showing the longitudinal flow parallel to the orogen, 
guided by the fold and thrust belt from the alluvial plains in Tremp towards Ainsa and Jaca basins. 
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3.1.3 Palaeomagnetic dating and primary correlation 
The most recent palaeomagnetic studies of Beamud et al. (2003; 2010) have made it possible to date 
the Sis and Pobla/Gurp palaeovalleys and to identify the fanglomerate units that are time-equivalent to 
the Escanilla Formation (latest Lutetian – Priabonian/Rupelian). The new palaeomagnetic constraints 
have made possible the correlation of proximal fan/palaeovalley regions with the sedimentary fill in 
the Ainsa and Tremp basins. 
This new dataset adds to the palaeomagnetic studies of Bentham & Burbank (1996) (in Ainsa and 
Lascuarre sections) and Hogan & Burbank (1996) and Costa et al. (2010) (Jaca basin sections). From 
these studies it is possible to place the base of the Escanilla system in the latest Lutetian (41.6 Ma) 
and the top at the Bartonian-Rupelian boundary (33.9 Ma). 
3.1.4 Available data 
The available data for this study range from seismic, GIS data and maps to sedimentological, 
petrological and laboratory data. Table 3.1 shows the available data from each outcrop section.  
Clast composition data, grain-size and palaeo-flow data from the Sis and Pobla/Gurp palaeovalleys 
(Vincent, 2001; Duller et al., 2010; Whittaker et al., 2011; Parsons et al., 2012), and U/Pb dating of 
detrital zircons in the Tremp and Ainsa basins (Whitchurch et al., 2011;.Roda Boluda, 2012; 
Filleaudeau et al., 2012)  
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Table 3-1: Shows the available raw data for this study in all the key localities of our investigation. 
 
Gurp/Pobla Basin Sierra de Sis Viacamp Lascuarre Ainsa Jaca basin 
IGC maps Yes No Yes No No No 
IGME maps No Yes Yes Yes Yes Yes 
ASTER DEM's Yes Yes Yes Yes Yes Yes 
Seismic data Ardèvol et al., 2000 No Ardèvol et al., 2000 Ardèvol et al., 2000 
Poblet, et al., 1998; 
Soto & Casas 2002 
Teixell, 1998; Turner, 
1992 
Published 
Maps and 
Sedimentologi
cal studies. 
this study (6 sed. Logs); 
Vincent, 1993 (PhD) 
thesis; Mellere, 1993 
Vincent, 1993 (PhD) 
thesis; Vincent, 2001 
Nijman, 1998; and 
Cuevas Gozalo 1983; 
Attkinson, 1983 (PhD 
thesis) 
Cuevas Gozalo 1983; 
(PhD thesis); 
Bentham et al., 1993 
Bentham, 1992 
(PhD thesis) 
Puigdefábregas, 1975; 
Jolley 1987 (PhD thesis); 
Hogan & Burbank 1996;  
Palaeomagneti
c data 
Beamud et al., 2003 Beamud et al., 2003 No 
Bentham & Burbank 
1996 
Bentham & 
Burbank 1996 
Hogan & Burbank 1996; 
Costa et al., 2010 
Grain-size data 
this study (20 sites) ; 
Duller et al., 2010; 
Whittaker et al., 2011 
this study (42 sites); 
Parsons et al., 2012 
this study (13 sites) 
this study (14 sites); 
Parsons et al., 2012 
this study (14 sites) No 
Heavy Mineral  No Maria Mange (25) No Maria Mange (7) No No 
Clast lithology 
data 
this study (3000); Duller 
et al., 2010; Whittaker et 
al., 2011 
this study (6300); 
Vincent, 2001; Parsons 
et al., 2012 
this study (2000) 
this study (2100); 
Vincent, 2001; 
Parsons et al., 2012 
this study (2100 
clasts) 
Jolley 1987 (PhD thesis) 
Fission track 
data 
this study (13); Beamud 
et al., 2010 
this study (6); Beamud 
et al., 2010 
this study (10) this study (10) 
this study (8); 
Filleaudeau, et al., 
2012 
No 
U/Pb data 
this study(1); Whitchurch, 
et al., 2011;  
this study (5); Roda, 
2012 (MSc thesis) 
this study (4); 
Whitchurch, et al., 
2011 
this study (4) 
this study (4); 
Filleaudeau, et al., 
2012 
No 
Sedimentologi
cal data 
this study (6 sed. Logs) No this study (4 sed. Logs) 
this study (3 sed. 
Logs) 
this study (1 sed. 
Logs) 
No 
Palaeo-flow 
data 
this study (600); 
Whittaker et al., 2011 
this study (1260); this study (480); this study (500); 
this study (500); 
Labourdette, 2011 
Jolley 1987 (PhD thesis) 
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3.2 Methodology 
3.2.1 Correlation Panel 
Sedimentary graphic logs were constructed using field data collection by recording measured sections 
of exposed stratigraphy. In these measured sections bed thickness, lithology, grain-size, sedimentary 
structures, conglomeratic clast lithology, palaeocurrent directions, dip and dip-direction were recorded 
following the guidelines of field sedimentary textbooks (Collinson et al., 2006; Tucker, 2011). The 
typical resolution of logging was 1cm: 1m, since the objective was to capture broad facies 
relationships, grain-size and facies abundance in the stratigraphic sections in a 200 km-long palaeo-
sediment routing system.  
Based on the aims of the research and the availability of exposures, between 3 and 7 sections were 
logged in each of 5 areas - Sis, Gurp, Viacamp, Lascuarre,  Ainsa and Jaca. For the Sis area and the 
Ainsa and Jaca basins, detailed sedimentological logs were available from Vincent (PhD thesis 1993), 
Bentham (PhD thesis 1992), Jolley (PhD thesis 1987) and Hogan and Burbank (1996) (§3.1.4). These 
logs have been redrafted and incorporated into the present study. The original logs acquired from this 
study can be found in Appendix III. 
Sedimentological sections were selected based on previous palaeogeographic reconstructions 
suggesting the teleconnection between these outcrop localities, and from indications from 
palaeomagnetic data that these sections are Escanilla time-equivalent (figure 2.5; §3.1.2; §3.1.3). The 
Eocene-Oligocene stratigraphic framework in the Tremp-Graus and Ainsa basins was established by 
Beamud et al., (2003, 2010), building on the work of Bentham & Burbank (1996) and in the Jaca 
basin by Hogan and Burbank (1996). The Escanilla Formation can therefore be placed in the 
Bartonian – Priabonian, with the lowest Escanilla units perhaps extending into the uppermost Lutetian 
(41.6 Ma). Palaeomagnetic dating provides very useful time lines enabling correlation between basins, 
and provides the framework for the correlation panel. The top and the base of the Escanilla are 
referred to as Time-line 4 and Time-line 1 respectively. 
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3.2.1.1 Top of the Escanilla Formation: Time-line 4 (Datum): 
The top of the Escanilla is at the Priabonian-Rupelian boundary, which has been dated approximately 
at 33.9 Ma (Bentham & Burbank 1996). This boundary signifies the end of deposition of the Escanilla 
Formation and the beginning of the deposition of the late orogenic conglomeratic drape (Sinclair et 
al., 2005; Whitchurch et al., 2011; Allen et al., 2013) in the Spanish Pyrenees comprising the 
Collegats or Antist Formations.  The Collegats/Antist Formations make up the uppermost stratigraphy 
in all the exposures studied at the Gurp, Sis, Viacamp, and Lascuarre localities in Tremp-Graus basin 
and in the Ainsa basin. In all these localities, the contact between the underlying units of the Escanilla 
routing system and the overlying Collegats or Antist units is an erosional and angular unconformity 
(Whittaker et al., 2011). In some of the studied localities a significant part of the Priabonian has been 
removed, so data is scarcer in the uppermost part of the Escanilla compared with the lowermost. 
Time-line 4 is very easily recognisable in the Tremp-Graus and Ainsa basins with an angular and 
erosional unconformity, but in the Jaca basin the boundary is dated by palaeomagnetic methods 
(Hogan and Burbank, 1996) and separates the Lower and Middle Campodarbe Groups. 
3.2.1.2 Base of Escanilla Formation: Time-line 1: 
The base of Escanilla Formation (Time-line 1) in the Ainsa and Tremp basins has been placed in the 
uppermost Lutetian. This time-line is associated with dominantly fluvial conditions in the Ainsa and 
Tremp Basins, but with deep marine conditions in the Jaca Basin. The contact of the Escanilla 
Formation with underlying strata differs strongly according to location within the palaeo-sediment 
routing system. This contact is a strong angular unconformity of millions of years duration, close to 
the source regions in the Sis and Gurp-Pobla areas. The contact is a paraconformity and marks a 
transition of facies, stratigraphic architecture and style of depositional environments in the Ainsa and 
Tremp depozones and conformity in the uppermost Hecho Group in the Jaca basin.  
In more detail, the Escanilla time-equivalent units of the Gurp and Pobla fanglomerates are part of the 
Pallaresa Group (Mellere 1993; Beamud et al., 2003; 2010; figure 2.5). They overlie the Gurp and 
Espills Formations, parts of which are early to late Lutetian in age and time-equivalent to the 
Montañana Group in the Tremp Basin and the Pessonada allo-group in the Pobla basin (fig 2.5). On 
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the borders of the Gurp palaeovalley the Escanilla-age Montsor units overlie with a strong angular 
unconformity and onlap the upper Maastrichtian-lower Palaeocene Garumnian units, part of the 
Tremp Formation. The Pallaresa Group north of the Sant Cornelli anticline overlies unconformably 
older Santonian-Campanian strata of the Vallcargar and Arén sandstone units, which are folded and 
sometimes overturned. Further to the north Montsor units overlie Upper Cretaceous platform 
carbonate units (fig 2.5). 
In the Sis palaeovalley the time-equivalent units of the Escanilla Formation are part of the Cornudella 
and Sis Formations. These units overlie unconformably lower to middle Eocene pre-palaeovalley 
strata (Vincent, 2001). Folded and thrusted Mesozoic strata make up the bulk of the palaeovalley’s 
boundaries onto which the Cornudella and Sis units onlap. These pre-palaeovalley strata comprise 
parts of the Vallcargar, Arén and Tremp Formations and part of the older basal Mesozoic carbonate 
platform units. 
In the Viacamp region in the Tremp Basin the Escanilla Formation overlies with a disconformity and 
angular unconformity (Nijman, 1998) the underlying lower to middle Eocene Montañana Group, 
including the distinctive Castissent Formation. The contact can be recognised as a facies transition 
from meandering alluvial and delta plain deposits of the Montañana Group to a more dominantly 
braided style of deposition in the Escanilla Formation. Similar braided deposits in the basal Escanilla 
Formation are found in the neighbouring Lascuarre locality and in the Ainsa basin (Bentham et al., 
1992; 1993; Labourdette & Jones 2009). Based on field mapping and cross-sections in the Lascuarre 
and Viacamp regions Nijman (1998) correlated the Capella/Perarrua Formation with the Upper 
Montañana Group, which in turn is overlain by the Escanilla Formation in both the Lascuarre and 
Viacamp localities.  
At Lascuarre, the Escanilla Formation overlies the Capella Formation, comprising part of the Upper 
Montañana Group. The Capella Formation has been interpreted to represent a tidal -influenced delta 
plain environment (Cuevas Gozalo, 1986). The base of the Escanilla at Lascuarre has been interpreted 
as a 5-20 m-thick limestone unit locality known as the “Lower Escanilla Limestone” (Bentham et al., 
Michael, 2013 
47 
1993), which has been dated in the uppermost Lutetian and at the base of zone C19 (41.6 Ma). This 
dated marker bed gives the basal time-line (Time-line 1) for the Escanilla palaeo-sediment routing 
system. At Viacamp, this marker bed is thought to coincide with the Viacamp Lower Limestone 
(Cuevas Gozalo, 1989), which is situated stratigraphically just above the unconformity between the 
Escanilla Formation and the underlying Montañana units. 
In the Ainsa basin the Escanilla Formation overlies the Sobrarbe deltaic deposits, which in turn 
overlie the Hecho Group turbidites. The contact between the two formations has been mapped and 
dated by Bentham (1993) and Bentham & Burbank (1996) and is contemporaneous with the marker 
beds at Viacamp and Lascuarre in the Tremp Basin. 
In the Jaca basin the basal time-line is picked at the base of zone C19 and is part of the uppermost 
Hecho Group turbidites (Hogan & Burbank, 1996). The lowermost Escanilla-equivalent units are 
conformable with the underlying older strata. 
3.2.1.3 Subdividing the stratigraphy into 3 time intervals: Time-lines 2 and 3: 
The correlation has the aim of setting up time-lines with which to subdivide the ca. 7.7 Myr–long 
stratigraphic record into time intervals, thereby allowing the evolution of the Escanilla sediment 
routing system through time and space to be tracked. This correlation is based primarily on the scarce 
magneto-stratigraphic data that are available throughout the system and the guidelines that they 
provide for correlation. Guidelines and proposed correlations from Beamud et al., (2003, 2010), 
Bentham & Burbank (1996) and Hogan & Burbank (1996), were incorporated into the analysis and 
time intervals drawn on the correlation panel.  
Figure 3.2 shows guidelines derived from palaeomagnetic data. These palaeomagnetic data enable the 
base of Escanilla to be picked (see above) and provide another two time-lines that can be correlated 
throughout the Escanilla system. Together with Time-line 4, these time lines subdivide the 
stratigraphic record into 3 time intervals. In summary: 
 Time-line 1 is the base of Escanilla and has been picked in the uppermost Lutetian, at the start 
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of zone C19 in the geomagnetic record, at approximately 41.6 Ma.  
 Time-line 2 and correlation guideline is at the end of the first palaeomagnetic reversal of C18 
at approximately 39.4 Ma.  
 Time-line 3 is at the end of the first normal magnetozone of C16 at approximately 35.7 Ma 
 Time-line 4 is the Priabonian-Rupelian boundary at 33.9 Ma.  
 
 
Figure 3-2: Correlation scheme based on available palaeo-magnetic data. Map of the sediment 
routing system fairway is shown in inset, with the positions of the logged sections (in grey) from Gurp, 
Sis, Lascuarre, Viacamp and Jaca. Solid red lines on the panel are dated palaeo-magnetic time lines, 
whereas dotted lines are less certain time-lines mainly in Lascuarre, Sis and Viacamp localities. For 
discussion how these where peaked refer to the main text and §3.3.1. 
 
These 4 time-lines are those used by Bentham & Burbank (1996) and Hogan & Burbank (1996) in 
their original papers to subdivide the Formation into Lower, Middle and Upper Escanilla in the Ainsa 
Basin and the time-equivalent stratigraphy in the Jaca Basin. The time-equivalent units in the Jaca 
basin are the uppermost Hecho Group, Arguis Marls, Atarés Formation and Lower Campodarbe 
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(Jolley 1993; Hogan & Burbank, 1996; Costa et al., 2010). For this study the guidelines from the 
above magneto-stratigraphic studies were adopted, after shifting and correcting the absolute ages 
according to the latest magnetozones proposed by Gradstein & Ogg (2004). 
3.2.2 Provenance analysis 
A variety of tools have been used to reconstruct the sediment routing system and test the tele-
connection of various outcrop localities proposed from palaeogeographic reconstructions. The tools 
used are clast lithology counts, palaeocurrent analysis, heavy mineral analyses, Apatite Fission Track 
analysis (for details chapter 4), and U/Pb geochronology on detrital zircons.  
This provenance analysis was focused on three wedge top sub-basins in the South-Central Pyrenees 
(the Pobla, Tremp-Graus and Ainsa basins) and five areas in total, which are: 1) Sis palaeovalley, 2) 
Pobla and Gurp fanglomerates, 3) Viacamp, 4) Lascuarre and 5) Ainsa (Figure 2.6). Within these 
localities the mid-upper Eocene and Oligocene sedimentary units were studied in detail. Apart from 
these five focus areas, sections from the Jaca Basin were incorporated from other authors into this 
study, in order to reconstruct the whole of the system. 
3.2.2.1 Clast lithology 
For the Escanilla and Antist/Collegats polymictic systems, we compiled clast lithology count data 
from proximal feeder points to distal depozones in the Tremp-Graus and Ainsa basins to see the 
connectivity between outcrop stations and to evaluate the evolution of the source and catchment areas 
through time. Table 3-2 summarises the main clast types that have been recorded along the fairway 
and their possible provenance. The clast lithological types of similar provenance have been grouped 
into six groups. These lithology groups are also presented in the figures (Figure 3-7; Appendix I). 
Clast lithology data were acquired using a random Wolman point counting technique, a methodology 
explained in detail in Wolman (1954), Whittaker et al. (2009); (2011) and Parsons et al. (2012). With 
this technique 100-200 clasts were counted and their lithology was reported at a total of 117 stations 
and sites. Data were collected from conglomeratic bars and conglomeratic sheet facies that span 4 
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time intervals from late Lutetian to Rupelian and covers 80 km of the Escanilla and Collegats 
sediment routing systems. 
Table 3-2: Summarises all the clast lithological types recognised in the field and their provenance. 
Clast 
lithology 
group 
Clast type Age Source Abundance and comments 
Grey 
Limestones 
Green/pink and 
white limestone 
Mesozoic Platform 
carbonates 
Not very abundant 
Alveolina limestone Tertiary Sedimentary 
units 
Recognition from the 
presence of Alveolinas. 
Difficult otherwise to 
distinguish from other 
limestone units. 
Mesozoic limestone Mesozoic Platform 
carbonates 
Very abundant - one of the 
most resistant and abundant 
clast types, significant 
presence throughout the 
routing system 
Sandstones 
Brown sandstone Tertiary Sedimentary 
units/Nogueres 
Present in some localities; 
sparse 
Yellow sandstone Tertiary Sedimentary 
units 
Cannibalised sedimentary 
clasts of previously 
deposited sandstone 
intervals. Very important, 
very abundant throughout 
the routing system. 
Coal and mud clasts Tertiary and 
Permian? 
Sedimentary 
units/ 
Nogueres? 
Coal seams can be found 
both in the Nogueres Zone 
and intra-basinal/in-situ coal 
horizons (eg. Cornudella 
Formation). Very abundant 
in some horizons and some 
conglomeratic intervals, 
generally however absent. 
Ochre 
sandstone/mudstones 
Tertiary Underlying 
sedimentary 
units 
Sparse throughout the 
routing system, part of the 
sedimentary intra-basinal 
units. 
Black 
limestones 
Black limestones Devonian  Nogueres 
Zone 
Present throughout the 
routing system 
Nodular limestones Devonian Nogueres 
Zone 
Present in some localities 
only in the Sis Palaeovalley 
Triassic 
Sandstones 
Quartz pebbles Triassic? From all 
sources 
Individual quartz pebbles 
possibly divided from 
Triassic conglomerates 
Triassic sandstones Triassic Nogueres 
Zone 
Red sandstone units form 
the sedimentary cover of the 
Nogueres Zone. Very 
important and abundant clast 
type. 
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Clast 
lithology 
group 
Clast type Age Source Abundance and comments 
Meta-
sedimentary/ 
Phylites/ 
Slates 
White tuffs and 
volcanics 
Permian 
Carboniferous 
Nogueres Not very abundant, these 
clast types break down very 
easily, not recorded in 
Lascuarre and Viacamp. 
Igneous clasts (mafic 
rocks, diorites etc.) 
Unknown Axial Zone Part of the suture zone? 
Present especially in the 
Antist. Part of the Axial 
Zone derived clasts, not very 
resistant. Have not been 
recorded in the Lascuarre 
and Ainsa basins.  
Green 
sandstone/mudstones 
Palaeozoic Axial Zone Important provenance clast. 
Present only in the Antist 
Formation and the Escanilla 
Formation. Absent from the 
Sis units. 
Granitic 
Clasts 
Granitic clasts Hercynian 
330 Ma 
Axial Zone Very significant provenance 
clast, break down very easily 
and they have not been 
recorded in large numbers in 
the Escanilla Formation 
 
3.2.2.2 Palaeocurrent indicators 
In order to reconstruct sediment trajectories, the palaeoflow directions of this ancient siliciclastic 
system had to be measured. In this study the palaeocurrent indicators in conglomeratic and sandstone-
rich facies were measured. Clast imbrications and gutter casts were measured from conglomeratic 
bars and directions of tabular cross-bedding, climbing ripples and tops of trough cross-bedded sets 
were mainly measured from sandstone-rich facies. The palaeocurrent data were acquired from more 
than 150 stations with normally 30 – 60 measurements in each station along the fully fluvial segment 
of the fairway, from Gurp and Sis palaeovalleys to Ainsa/Olson localities. This fluvial system is 
thought to have sourced the Escanilla time-equivalent units in Jaca basin as well (Bentham et al., 
1992; Nijman et al., 1996; Teixell, 1998; Dreyer et al., 1999; Remacha et al., 2005; Das Gupta & 
Pickering, 2008; Caja, et al., 2010; Whitchurch et al., 2011). In order to reconstruct the system in the 
Jaca basin the provenance and palaeocurrent work of Jolley (1987) and Puigdefábregas (1975) were 
used and incorporated into our analysis. 
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3.2.2.3 Heavy mineral analysis 
Heavy mineral analysis was used since it is a well-established and standard provenance tool 
(Donelick, et al.,, 2005; Smale, 2007; Carter 2007; Malone, 2007). Heavy minerals are diagnostic of 
lithologies and source regions and very helpful when it comes to pin-pointing source areas and 
mapping out sediment trajectories.  
The heavy minerals analysis was performed by Dr. Maria Mange and was carried out in two out of the 
five localities that have been studied in detail. Samples were collected along mapped time-lines 
(Figures 3.2; 3.6) of upper Lutetian to Rupelian stratigraphy in the Sis palaeovalley area (Vincent, 
2001; Beamud et al., 2003) and Lascuarre section (Bentham, 1993). A total of 32 samples were 
analysed from the Sis palaeovalley (23) and the Lascuarre section (9). Heavy mineral fractions of 
these samples were extracted from crushed sandstone samples using the heavy liquid bromoform 
(CHBr3, s.g. 2.85-2.89). The extracted heavy mineral fraction was then mounted on glass slides using 
epoxy and these mounts were point counted by mineral identification to record the presence and 
abundance of the various heavy minerals. The detailed procedure explained in Mange & Wright 
(2007) was followed for the recognition and determination of the heavy minerals reported here. 
Due to the large volume of data, mineral abundances were then analysed using cluster analysis in 
MATLAB and specifically the command “dendrogram”. Dendrogram is tree like diagrams that cluster 
together samples produced by a “linkage” or a hierarchical clustering. The clustering is the result of 
how close the samples are in the Euclidean space. In the x direction at y= 0 there are all the samples 
analysed and in the y direction the Euclidian distance. These samples link up to a node to the next 
hierarchical clustering level, that distance between the nodes is the Euclidian distance between each 
sample and node (hierarchical cluster). All the raw data presented in the Appendix I was used as 
input. In order to formulate the dendrogram MATLAB needs a linkage function, which creates a tree 
of hierarchical clusters of the observations or data. All the default settings were used in MATLAB. 
This dendrogram enables the comparison between samples and localities to detect how similar they 
are given their relative abundance and helps with the evaluation of the evolution of the heavy mineral 
abundances (e.g. Smale, 2007, Malone, 2007). 
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3.2.2.4 U/Pb on detrital zircons 
U/Pb geochronology was performed on detrital zircon grains, which is a standard provenance tool in 
recent years (McAteer et al., 2010; Adams et al., 2011; Whitchurch et al., 2011, Shen et al., 2012; Nie 
et al., 2012; Dinis et al., 2012). Zircons were separated from crushed (coarse to medium sand grain-
size) rock using standard procedures based on the following steps: 1) Density separation was 
undertaken on the samples using bromoform (CHBr3, s.g. 2.85-89), to concentrate the heavy-mineral 
fraction. 2) Heavy mineral sinks were then passed through a Franz isodynamic magnetic separator to 
concentrate apatite and zircon, which are effectively non-magnetic at field strengths < 1 amp. 3) Final 
separation of the lighter apatite from the heavier zircons was carried out using the heavy liquid 
Diiodomethane (CH2I2, s.g. 3.3). After extraction the zircon samples were mounted on glass slides in 
araldite and after curing on a hotplate the grain mounts were polished using alumina pastes down to a 
0.3µm grain-size, to reveal grain internal surfaces for the analysis. 
Only 18 samples were suitable for analysis. The suitability of each sample was due to the need to 
meet criteria for statistical significance, which required at least 117 grains (Vermeesch 2004). The 
aim of the analysis was to cover as much of the geographical and stratigraphic extend of the proposed 
palaeo-sediment routing system as possible (i.e. all the localities and all the time intervals in each 
locality). In most localities this was possible, but at Gurp only one sample was dated due to lack of 
suitable sample mounts. 
The analysis of detrital zircons was carried out using LA-ICPMS with a New Wave Nd: YAG 213 nm 
laser ablation system, linked to an Agilent 7500a quadrupole mass spectrometer. At the start of each 
new sample, after every 30 detrital grain measurements and at the end of the analysis, a standard 
zircon Plesovice (TIMS reference age 337.13 ± 0.37 Ma, Slama et al., 2007)
 
was analysed along with 
the standard NIST 612 silicate glass (Pearce et al., 1997), which were used to correct for instrumental 
mass bias and behaviour of the machine and also to correct the depth-dependent inter-element 
fractionation of Pb, Th and U. After acquiring the data, Glitter v4.4 data reduction software was used 
(www.glitter-gemoc.com) to analyse them. Age estimations of the acquired signals were made using 
Isoplot v3.6 (Ludwig, 2003) which is a script and macro add-in for Microsoft Excel. Only ages that 
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were between 15% and -10% discordant were accepted, the rest were discarded. The age estimations 
and errors from Isoplot were plotted using Density plotter v1.4 (Vermeesch 2012).  
Furthermore, a multidimensional scaling (MDS) technique was used, in order to compare the stations 
statistically. A script written for MATLAB was used by Vermeesch (2013), to perform the MDS 
which gives indications of the proximity of the various samples together or their dissimilarities. It 
compares pairs of samples and assigns values which are the two-sample Kolmogorov-Smirnov (K-S) 
statistic. The closest lines connect closest neighbours and dashed lines second-closest neighbours in 
K-S space. For this multidimensional scaling and non-metric MDS was performed.  
3.2.3 Mapping the sediment routing system fairway 
The sediment routing system fairway was reconstructed based on field observations, largely from 
palaeocurrent data, which reveal the predominant slopes and basin gradients, sedimentological data 
including sedimentary facies and grain-size signals (for details chapters 5 & 6), clast lithology and 
laboratory results from heavy mineral analysis and U/Pb dating of detrital zircons. The tele-
connectivity between stations is also tested with structural and seismic studies to see the 
interconnectivity between the various outcrop localities. The mapping of the sediment routing system 
fairway represents its depositional footprint was carried out in the structurally confined Ainsa and 
Tremp-Graus basins, whereas in the Jaca Basin the fairway map covers the maximum width of the 
system as it is today, but the absolute, palinspastically restored width is measured from balanced 
cross-sections from Jolley (1987) (examples are shown in Appendix I). 
To map the fairway of the Escanilla sediment routing system, all existing maps from IGC (Institut 
Geològic de Catalunya) and IGME (Instituto Geológico y Minero de España) and maps from special 
studies were collected under one database. The various sections that are teleconnected based on the 
provenance analysis results were linked together and a minimum width was set for the system. 
Mapping of the maximum width of the system was largely based on structural observations and 
ASTER scene DEM’s by extrapolating the present-day erosional outcrop limits of sedimentary units 
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to the structural features confining wedge-top deposition. In the Tremp and Ainsa basins the 
boundaries of the system are relatively easily inferred since the Escanilla system was structurally 
confined by anticlines and intra-basin palaeo-highs. Where parts of the system are buried and the 
boundaries are not well defined (Ardèvol et al., 2000; Soto & Casas, 2001; Casas et al., 2002), un-
interpreted seismic sections were used to define the onlaps of the Escanilla system on to basin-
bounding structures such as the Montsec, Boltaña and Mediano. 
3.2.3.1 Jaca basin 
In contrast to the structurally bound basins of Ainsa and Tremp, the delimitation of the fairway in the 
Jaca Basin is more challenging, since Escanilla time-equivalent units are deformed and incorporated 
in thrusted structures. In these cases, restored cross-sections were used to determine the “maximum” 
width of the fairway (Jolley, 1987; Turner, 1988; Teixell, 1998). The southern extent of the palaeo-
Jaca Basin and of the Escanilla fairway is the most uncertain boundary of the fairway, and various 
assumptions had to be incorporated in the analysis to delimit the system for time intervals 2 & 3. Time 
interval 1, on the other hand is relatively well constrained due to the onlap or transition of the time-
equivalent upper Hecho Group to the Guara limestone, which is located on the southern edge of the 
basin. In contrast, the southern extents of the time-equivalent units of time intervals 2 and 3 are 
probably buried under upper Oligo-Miocene strata in the Ebro basin and there are no clear onlaps in 
the poor seismic data in the Jaca Basin. The southern limit was picked based on estimations from 
balanced cross-sections from Jolley (1987), which extend the fairway for time intervals 2 and 3 about 
5 km south of the External Sierras. However, this estimate should be regarded as minimum for the 
southern extent of the system in the Jaca Basin. What is delimited and reported as “maximum” width 
of the system in the Jaca Basin is in fact a minimum scenario of the width of the system, and this 
uncertainty is reflected in the errors (§ 5.2.2.3). 
Assuming that the Jaca Basin has was width determined by the flexural response of the Iberian 
lithosphere to loading by the Pyrenean orogen, the extent of the fairway might be estimated from 
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flexural theory. For example, the deflection W(x) of a broken plate under a line load situated at its end 
(Allen & Allen 2013) is given by equation 3.1: 
          
  
                [Eq. 1] 
Where x is the distance away from the line load in metres, a=(4D/( Δρg))0.25 is the flexural parameter 
(m), D is the flexural rigidity (Nm), Δρ=ρm-ρi is the difference between the mantle (3330 kg m-3) and 
basin fill (1030 kg m-3for water) densities, g is the gravitational acceleration (9.81 m s
-2
), and Wmax 
is the maximum deflection given by Wmax=V0/(2Δρga), where V0 is the magnitude of the line load in 
kg s
-2
. The effect of a spatially distributed load is to broaden the deflection. 
Flexural theory, however, with limited control on the above parameters is unlikely to provide an 
improvement on the estimation of the southern limit of the sediment routing system fairway in the 
Jaca Basin, since (a) the southern limit may be defined by tectonic influences on accommodation 
other than flexural wavelength, (b) the magnitude and spatial distribution of the orogenic load is 
uncertain, (c) the flexural rigidity (and therefore flexural parameter) is uncertain. These uncertainties 
collectively render flexural methods highly speculative. Nevertheless, with more data and more 
constrains on these parameters is possible that the flexural theory could contribute into a broad order 
of magnitude estimation of the wavelength of the system. 
3.2.4 Mapping the catchment regions 
Mapping of catchment regions is based on petrological and U/Pb signals from data presented in 
§3.3.2.3 & 3.3.2.4. From U/Pb geochronological signals, heavy mineral analysis and clast lithological 
counts, (§3.3.2.3 & 3.3.2.4) candidate lithological units in hinterland regions were pinpointed as 
possible sources to explain the petrological and U/Pb signals in the basin-fill. Based on the above 
exercise a reconstruction of the location and dimensions of palaeo-catchments has been made. This 
reconstruction assumes that today’s distribution of certain lithological units in regional geological 
maps of the Axial Zone (IGC Synthesis map of Cataluña 2011; Whitchurch et al., 2011) have not 
completely changed since the late Eocene.  
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3.3 Results 
3.3.1 Correlation Panel 
In areas of uncertainty, two sedimentological correlative ‘events’ were picked across the Escanilla 
palaeo-sediment routing system, with two criteria: a) they are consistent with the time-lines provided 
by palaeomagnetic data, (figure 3.2), and b) these events signify changes in the evolution of the 
Escanilla sediment routing system. The recognition of these events was vital in order to improve the 
correlation in localities where the palaeomagnetic data are incomplete (such as the Sis palaeovalley) 
or absent (as at Viacamp). In addition to the recognition of the events, provenance trends were used to 
improve the correlation in regions with limited data (e.g. Viacamp). 
Sedimentological ‘events’ and cycles were defined from grain-size and sedimentological trends on the 
measured sedimentological sections from the proximal to the distal regions. These grain-size trends 
were the outcome of the analysis of the logged sections. The grain-size data from logs were sampled 
at a constant interval of 1 m, which is the average bed thickness in the Escanilla Formation, and then 
smoothed using 9- and 11-point moving averages, which was particularly useful in revealing 
sedimentary cycles. These sedimentological cycles were then compared between stations to create the 
correlation panels and to subdivide the stratigraphy into three units. In addition to the grain-size 
curves, lacustrine limestone beds were particularly useful as marker beds and correlative horizons 
between localities, especially when these beds are sufficiently thick and give good indicators of 
rainfall and climatic conditions across the basin. Where these ’events’ were absent (i.e. Viacamp), 
multiple scenarios were created to accommodate the data and the sedimentological and grain-size 
trends. These scenarios and correlations were then tested against the provenance information to 
enhance the accuracy of the correlation exercise. These techniques improve on previous correlations, 
which were based on linear correlation between magneto-stratigraphic time-lines (Figure 3.2). 
The sedimentological ‘events’ used to aid correlation are described below: 
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Time-line 2 (picks 18 & 22, figure 3-6), marks the initial deposition of conglomerates of the 
Cornudella Formation and lower Sis 1 Member in the Sis palaeovalley and deposition of Montsor 1 
conglomeratic units in the Gurp-Pobla area. The event signifies the initiation and establishment of the 
alluvial fans in the Sis palaeovalley and also coincides with a correlative field-wide conglomeratic 
unit recognised and mapped by Bentham in both the Ainsa and Tremp basins that subdivides the 
Lower and Middle Escanilla Formation (picks 6 & 10, all picks marked in figure 3-6). In the Jaca 
Basin this time-line has been picked just above the deposition of the Sabiñanigo Sandstones and the 
transition into the Arguis marls (pick 2, figure 3-6; Hogan & Burbank, 1996; Jolley, 1987). This time-
line is at approximately 39.1 Ma and coincides with the end of the first normal polarity of zone C18 
and different from the previously proposed time-guideline 2 (§3.2.1.3) at 39.4 Ma. 
Time-line 3 is marked by the full continentalisation of the Jaca basin and uplift of the Western 
Pyrenees (pick 3, figure 3-6; Teixell, 1998; Costa et al., 2010). This coincides with the end of 
deposition of the Belsué-Atarés Formation and the transition to the fully fluvial, easterly sourced 
Lower Campodarbe Formation. This time-line coincides with the second basin-wide conglomeratic 
unit in the Ainsa Basin and a conglomeratic interval at the Lascuarre locality (picks 7 & 11). In Gurp 
a small break in the cliff of amalgamated conglomerates is recognizable, associated with the 
deposition of a few metres of fine over bank deposits subdividing Montsor 2 and Montsor 3 units, 
coinciding with time-line 3 (pick 23, figure 3-6; Mellere, 1993; Duller et al., 2010; Beamud et al., 
2010; Whittaker et al., 2011). In the Sis palaeovalley this event is expressed as change in the style of 
deposition of the alluvial fan deposits from a conglomeratic cliff-forming wall of Sis 2 Member (pick 
19) to the Sis 3 and 4 units, which are not cliff-forming but still very conglomeratic (90% gravel) 
alluvial fan deposits (Vincent, 2001). This event is dated at the boundary between zones C17 and C16 
at approximately 36.5 Ma, and different from the previous time-line guideline 3 (figure 3.2; §3.2.1.3). 
In both Ainsa and Lascuarre, time-line 3 is recognised as an increase in overbank fines and an 
increase in the deposition of lacustrine limestones above alluvial conglomerates. The lacustrine 
limestone and over bank deposits have been correlated with the upper Viacamp Limestone (pick 15; 
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Nijman, 1998), which caps the Escanilla Formation in the Viacamp region just below the 
unconformity with the Antist/Collegats unit (pick 16). 
In contrast to the Gurp area and Ainsa and Jaca basins where there are good age constraints from 
palaeomagnetic data, in the Sis palaeovalley, Lascuarre and Viacamp these data are incomplete or 
absent and therefore additional evidence is needed to place stratigraphic time-lines in these localities.  
In both the Sis and Lascuarre regions, palaeomagnetic data only sample and constrain time-lines 1 and 
2, and time-line 4 is taken to be the boundary and regional unconformity between the Sis member and 
the Antis/Collegats in the Sis palaeovalley, and between the Escanilla Formation and the Antist at the 
Lascuarre locality (picks 12 & 20). Consequently, time-line 3 needs to be identified. 
The Viacamp region is the most problematic since there are no age constraints. Picking time-lines 1 
and 4 is based on the occurrence of unconformities in the Escanilla time-equivalent succession (picks 
13 & 16 respectively). However, time-lines 2 and 3 have been picked based on sedimentological 
criteria (e.g. the presence of the upper Viacamp Limestone) and on criteria from laboratory analysis 
(U/Pb geochronology, petrological trends) that allow a subdivision of the stratigraphy into 3 units. 
The additional data that helped the correlation and setting of time intervals in the Viacamp, Lascuarre 
and Sis regions are given below. 
3.3.1.1 Interpretation of provenance data and time-lines in Sis Palaeovalley, Viacamp and 
Lascuarre: 
Sis time intervals: 
Time-line 3 (pick 19) is problematic for the Sis palaeovalley-fill where no dating is available. The 
interpreted time-line 3 has been picked between the Sis 2 and Sis 3 Members. This subdivision was 
based on a dramatic change of provenance signals in either side of that boundary. This change has 
been recorded in all the provenance tools used in this study (shown in the panels of figure 3.3), 
including heavy mineral analysis, U/Pb ages, and clast lithologies and apatite fission track central 
ages. 
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A dramatic change is observed in both heavy mineral abundance and the distribution of U/Pb ages 
from Sis 1 and Sis 2 (time interval 2) to Sis 4 member (time interval 3) combined with an absence of 
granite clasts in Sis 4 Member (Vincent, 2001; and this study). All the above indicators suggest a 
change in provenance of the ancient Sis fan system. A dramatic increase in abundance of epidote 
group heavy minerals coincides with an increase in the proportion of old-aged zircons from both the 
Ediacaran and Cadomian events (Whitchurch et al., 2011) and older 1-2 billion year-old zircons, 
which are absent in time intervals 1 and 2. This link between the increase in epidote group heavy 
minerals and old polycyclic zircons is also found in the Lascuarre region (see below). These 
mineralogical, petrological and U/Pb detrital zircon age signals indicate a change of source areas for 
these fanglomeratic units that guides the placement of Sis 3-4 members in time-interval 3. 
For these reasons and laboratory data show a differences between the two groups of members (Sis 1 
and 2 and Sis 3 and 4) and therefore the interpreted boundary between Sis 3 and Sis 2 is set as the 
time line 3 and the lower boundary of time interval 3 in Sis locality. 
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Figure 3-3: A representative sedimentary log from Sis, with the location of 4 interpreted time-lines 
and 3 time intervals. The time lines were guided from the magnetostratigraphic indicators, the 
sedimentary ‘events’ and provenance indicators, as discussed in text. From left to right, panels show 
(a) sedimentological summary log, (b) heavy mineral pie diagrams, (c) histograms of U-Pb age of 
detrital zircons, and (d) pie diagrams of clast lithologies. For Sis palaeovalley time line 2 is dated, 
whereas the problematic time line 3 is peaked based on provenance changes between Sis 2 and Sis 4 
units with a clear change of heavy mineral abundances and U/Pb signal. The legend on the right is 
the same for figures 3-4 and 3-5. 
 
Lascuarre time intervals:  
Time-line 3 (pick 11) in the Lascuarre sections is less problematic than in the Sis localities due to the 
greater portion of the Bartonian-Priabonian stratigraphy dated from Bentham & Burbank (1996). 
These additional data add to the confidence in constraining time-line 3.  In Lascuarre the provenance 
signals and differences and contrasts between the various intervals are less sharp (Figure 3.4). This 
has been interpreted as the result of mixing between the various source regions and cannibalisation of 
underlying units from the flanks of the basin.  There are, however, some minor mineralogical and 
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petrological differences that can still help with the correlation. Nevertheless, the correlation is mostly 
based on sedimentological and palaeomagnetic criteria. 
 
Figure 3-4: A representative sedimentary log from Lascuarre region, with the location of 4 
interpreted time-lines and 3 time intervals. The time lines were guided from the magnetostratigraphic 
indicators, the sedimentary ‘events’ and provenance indicators, as discussed in text. From left to 
right, panels show (a) sedimentological summary log, (b) heavy mineral pie diagrams, (c) histograms 
of U-Pb age of detrital zircons, and (d) pie diagrams of clast lithologies. For Lascuarre locality time 
line 2 is dated and 3 is better constrained than Sis palaeovalley.  Small changes in the heavy mineral 
abundances and the increase of Devonian clasts seen in Gurp palaeovalley, is what guided in peaking 
time line 3 in this panel. Legend for this figure can be found in figure 3-3. 
 
The correlation at Lascuarre is based on three observations: a) the proposed time-line 3 coincides with 
the end of deposition of a 100 m-thick conglomeratic interval culminating a coarsening-up trend; b) 
the next cycle above time-line 3 begins its deposition with a 20 m thick layer of overbank siltstones 
and mudstones interfingered with beds of lacustrine limestones. This sedimentological signal is 
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similar to that observed in the Ainsa sections where there is a similar increase in limestone units 
above time-line 3 picked in that location. c) The palaeomagnetic record (Bentham & Burbank, 1996) 
(Figure 3.4) enables the top of the sampled section to be placed approximately at the boundary of 
zones C17 and C16 (Gradstein & Ogg., 2004), consistent with the position of time-line 3 in other 
outcrop localities (Ainsa and Jaca). 
There are additional petrological indicators for defining time-interval 3 in the Lascuarre section. The 
conglomeratic units above time-line 3 (time interval 3) are more polymictic and show an increase in 
the relative abundance of Devonian and Triassic clasts, as reported for Montsor 3 in the Gurp and 
Pobla localities (Whittaker et al., 2011). Mineralogically, there is an increase in epidote group 
minerals, paralleling the trend in the Sis palaeovalley-fill, though the changes in epidote abundance 
(from 70-75 to 85% in interval 3) are not as dramatic as in the Sis palaeovalley-fill, due to the 
multiple sediment sources feeding the Tremp Basin. 
Viacamp Time-lines 2 and 3: 
The Viacamp sections are the most problematic and uncertain in terms of recognising time-lines. 
Time-lines 1 and 4 are based on regional unconformities and sedimentological criteria as discussed 
above, whereas time-lines 2 and 3 (picks 14 & 15) are based solely on sedimentological, 
petrographical and U/Pb age data. 
The Escanilla time-equivalent interval at Viacamp is subdivided into 3 units: a conglomeratic lower 
unit above the ‘lower Viacamp limestone’, a coarsening-up middle unit, and a third unit comprising 
mostly overbank fines, crevasse splays and lacustrine limestone units known as the ‘upper Viacamp 
limestone’. As seen above these younger limestone-rich units have been correlated with limestone 
units deposited above time-line 3 in both the Ainsa and Lascuarre localities. Following this 
interpretation, a large portion of time-interval 3 has been eroded prior to the deposition of the 
Antist/Collegats Formation, as also happens at the Lascuarre locality. 
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Figure 3-5: A representative sedimentary log from Viacamp region, with the location of 4 interpreted 
time-lines and 3 time intervals. In Viacamp dating was not available and the time lines were guided 
from the sedimentary ‘events’ and provenance indicators, as discussed in text. From left to right, 
panels show (a) sedimentological summary log, (b) histograms of U-Pb age of detrital zircons, and 
(c) pie diagrams of clast lithologies. For Viacamp time line 2 was picked based on changes in the 
U/Pb signature. The limestone-rich units at the top of the section have been correlated with limestone 
units deposited above Time-line 3 in both the Ainsa and Lascuarre localities. Following this 
interpretation, a large portion of time interval 3 has been eroded prior to the deposition of the 
Antist/Collegats Formation, as happens at the Lascuarre locality. Legend for this figure can be found 
in figure 3-3. 
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Time-line 2 (pick 14) is placed at the boundary between two units with differences in their 
sedimentological character from a conglomeratic unit to a fining upward unit. This boundary was 
picked due to distinct change in detrital zircon U/Pb age distributions (Figure 3-5) from a dominant 
pre-Hercynian signature (interpreted to have been derived from Gurp) to a more Hercynian U/Pb ages 
in the age distribution (characteristic of the Sis Palaeovalley) (See § 3.3.2.4). The clast lithological 
characteristics of the two units are very similar and are both polymictic.  
In summary, the observations justifying the correlation of the 3 time intervals in the Escanilla palaeo-
sediment routing system are summarised in Figure 3-6. The age and duration of the time-intervals is 
as follows: 
 
Time interval  Age (Ma) Duration (Myr) 
1 41.6-39.1 2.5 
2 39.1-36.5 2.6 
3 36.5-33.9 2.6 
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Figure 3-6: Correlation scheme based on magnetostratigraphic data, sedimentological marker beds and provenance signals. The stratigraphy is subdivided into 
3 time intervals of approximately 2.5 Myrs each in a 7.7 Myr duration of deposition of the Escanilla Formation. In addition the correlation picks are shown 
detailed in the text. The location of the log sections can be found in figure 3-2. 
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3.3.2 Provenance 
3.3.2.1 Clast lithologies 
 
Figure 3-7:  Clast lithology summary plot for Interval 1, which show the dominant clast types 
recorded in the conglomeratic bars. We can see the clear different signals between Sis and Gurp 
Palaeovalleys and the mixture of their lithological signals in Viacamp and Lascuarre regions. Traces 
of the meta-sedimentary and granitic clasts are found in Ainsa basin; however, the most durable 
sandstone and limestone clasts are more durable and survive the abrasion processes. The same 
lithological characteristics which are seen in Ainsa basin can be traced in Jaca basin as well (Jolley, 
1987 (PhD thesis)). 
 
Full results of the percentage abundance of lithologies from clast counts in the conglomeratic and 
gravel facies are presented in Table 9-2 of the Appendix I. Figure 3-7 summarises the clast lithology 
results in time-interval 1. For time-intervals 2 and 3 and for the Antist Group, the reader is referred to 
Table 9-2 and to Figures 9-1; 9-2 and 9-3 in the Appendix I 
The dominant clast types found in the Escanilla palaeo-sediment routing system are Tertiary 
sandstone clasts and grey limestone clasts. Additionally, in some stations a large proportion is 
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represented by Triassic red sandstone and conglomeratic clasts and Devonian/Palaeozoic limestone 
(black and nodular limestones), which have a provenance in the Nogueres Zone (Vincent, 2001; Saura 
& Teixell, 2006; Whittaker et al., 2011; Parsons et al., 2012). Finally, granitic clasts come from 
Hercynian granites in the Axial Zone, and metasedimentary/phyllite and mafic igneous rocks also 
have source areas in the Axial Zone. These last two clast types are the most useful provenance 
indicators in this system.  
In the Sis palaeovalley the granitic clasts are the characteristic clast type; granitic clasts are almost 
absent in the Gurp fans. For the Gurp region, the characteristic clast types, are the common green 
metasedimentary sandstone clasts, the mafic and ultramafic clast types, phyllites and slates, which for 
this study have been grouped together. These clast types are completely absent in the Sis palaeovalley 
and only introduced in the Rupelian in the Antist or Collegats units.  
These two characteristic clast types are identified in the Escanilla Formation both in the Viacamp and 
Lascuarre localities and interpreted as due to the mixing of the source areas of these two feeder points. 
The mafic and ultra-mafic igneous rocks which are dominant in some sites in Gurp locality are very 
sparse in Viacamp and almost absent in Lascuarre. From the group of igneous and metasedimentary 
lithologies, only metasedimentary green sandstone survives and is present in abundances of 5-10 %. 
Granitic clast is present but makes up only 2-5 % of the total clasts measured.  
In Ainsa, granitic clasts are almost absent; interpreted as the result of abrasion and selective extraction 
of the granitic clasts upstream of the Ainsa sites. Similarly, metasedimentary clasts are very few in 
number and only make-up a few percent of the clasts measured and recorded. In the Ainsa Basin, the 
dominant clast lithologies are grey limestones, Tertiary sedimentary clasts and Triassic red 
sandstones. This same mixture of clast lithologies is found in the Jaca basin in the Lower Campodarbe 
(Upper Escanilla-equivalent) unit based on the provenance study of Jolley (1987). 
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3.3.2.2 Palaeocurrents 
 
Figure 3-8: Map showing the palaeo-current data along the depositional fairway of the Escanilla 
formation in interval 1. Note that all of the sampled localities have at least 30 measurements. 
 
Figure 3-9: palaeo-current data from time intervals 1-3 in the Escanilla time equivalent stratigraphic 
units, taken from Sis and Gurp palaeovalleys, Lascuarre and Viacamp localities and Ainsa basin. 
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Figure 3-9 summarises the data from all time intervals combined in the localities of Gurp, Sis, 
Viacamp, Lascuarre and Ainsa. From this dataset, the prevailing palaeoflow directions can be derived 
for the various regions. In Gurp (Figure 3.9b), the palaeocurrent indicators are mainly towards the S-
SSW and SW and similar directions are seen in the Sis palaeovalley (Figure 3.9a), with palaeoflows 
ranging from SE to SW with the dominant palaeoflows towards the S and SSW and SSE. The 
palaeoflow information in Viacamp (Figure 3-9e) shows a shift from the dominant SE-SW directions 
in the northern part of the Tremp Basin to palaeocurrent predominantly to the NW and W and fewer 
towards the SW, S and SSE. In the Lascuarre region the paleoflow directions (Figure 3.9d) are also 
variable, with the strongest paleoflow components towards the W and WNW, with significant 
components towards the SW, SSW, S and even SE. In the Ainsa Basin (Figure 3.9c), the palaeoflows 
have a bimodal and highly variable pattern, with the majority of palaeocurrents towards the NE, N 
and even NW and some measurements towards the W and E and some important components towards 
the SW. The paleoflow directions towards the NE to NW are found in the Lower Escanilla intervals 
and the upper Lutetian and Bartonian intervals, following the same palaeogeography of the underlying 
Hecho group turbidites (Remacha et al., 2005; Das Gupta & Pickering, 2008; Caja et al., 2010; 
Whitchurch et al., 2011). In the Priabonian interval and Upper Escanilla units a more highly variable 
palaeocurrent pattern is revealed with the majority towards the N, but also a strong component 
towards the SW and S, as also noted by Labourdette & Jones (2007). 
In the Jaca basin, the most comprehensive studies are the original work of Puigdefábregas, who 
mapped the area in 1975, and the doctoral work of Jolley (1987). The dominant palaeoflow is towards 
the W in the marine upper Eocene intervals of the Jaca Basin in the Belsué- Atarés formations. In the 
Lower Campodarbe, which is time-equivalent of the Upper Escanilla (Hogan and Burbank, 1996; 
Costa et al. 2010; Figures 3.2; 3.6) palaeoflows are towards the S and SW close to Santa Orasia 
alluvial fans and towards the WSW, W and NW in the rest of the basin. 
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3.3.2.3 Heavy mineral analysis 
 
Figure 3-10: Heavy mineral analysis data compiled by Dr Maria Mange. Samples were taken from 
Sis and Lascuarre sections.  The main heavy minerals encountered in this study are zircon (light 
blue), apatite (dark blue), Epidote group minerals (green), Tourmaline (pink) and Garnet (yellow). 
From these data we can observe a clear change in the abundance of Epidote Group in time interval 2 
and 3 in Sis samples. 
 
The full tables and results of the point-counting exercise on the heavy mineral fraction of samples 
taken from Sis and Lascuarre localities in the Tremp Basin are presented in Table 9-3 and all the data 
from this pilot study are presented in Figure 3-10 (drafted by Maria Mange). 
In the Sis palaeovalley there is a clear change in the heavy mineralogy with time and possible change 
of provenance as well from time-interval 1 (Cornudella and Lower Sis 1 samples) to time-interval 2 
(upper Sis 1 and 2 samples) to time-interval 3 ( Sis 3 and 4) and Antist group (Figure 3.6). The heavy 
minerals that dominate in the older units of the Sis palaeovalley-fill (Cornudella Formation and Sis 1) 
are zircon, tourmaline, apatite and garnet with small abundances of the epidote group. In Sis 4 there is 
a dramatic change in the abundance of the epidote group, which dominate the samples in Sis 4 and the 
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Antist (20% to 85% abundance in some slides). In Sis 4 and Antist samples tourmaline is present, 
alongside smaller proportions of zircon, garnet and apatite. Sis 2 samples represent an intermediate 
condition between the Cornudella Fm/Sis1 and Sis4/Antist signals. 
 
Figure eee3-11: Dendrogram of the heavy mineral analysis data, assessing the proximity/similarity of 
samples together. In the y axis is the Euclidean distance between the various samples and in the x axis 
are the sample names (S0xx) of this analysis and the stratigraphic unit that they belong to in Sis and 
Lascuarre sections. CRn: Cornudella; S1: Sis1; S2: Sis2; S4: Sis4; Ant: Antist/Collegats; LE: Lower 
Escanilla; ME: Middle Escanilla; UE: Upper Escanilla. It shows that in Group 1 fit all the samples 
from interval 1/Sis and some from interval 2 and 3, whereas in Group 2 fit most of the data from 
Lascuarre section and some samples from interval 2 and most of the samples from interval 3 and 
Antist. This dendrogram signifies that for the Lascuarre section during interval 1, additional 
source(s) are needed to explain the petrological signal of the samples. 
 
In the Lascuarre sections, the heavy mineral signals are very similar to Sis 4 samples; they are 
enriched in epidote group and contain garnet and some tourmaline, zircon and some apatite. This 
spectrum persists throughout the deposition of the Escanilla and Collegats formations. Groups of 
samples can be observed by dendrogram “cluster” analysis of these samples (Figure 3-11).  Samples 
fall into 2 main groups based on the distance (similarity-dissimilarity) between the various sampled 
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localities (the two grey rectangles in Figure 3.11). Group 1 comprises tourmaline-rich and epidote-
poor samples of time-interval 1 of Sis, and a few samples of time-interval 2 & 3 of Sis. Group 2, on 
the other hand, represents the typical basin-fill heavy mineral abundances, which reflect the 
lithologies of the various source regions for the basin fill in the Lascuarre region. An important 
observation is that with time (from time-interval 1 to 2) samples from the Sis palaeovalley-fill fall into 
Group 2 rather than Group 1. 
3.3.2.4 U/Pb geochronology on detrital zircon results 
Using U/Pb signals in zircons to determine source regions and understand sediment trajectories is a 
very well established and standard provenance tool (McAteer et al., 2010; Adams et al., 2011; 
Whitchurch et al., 2011; Filleaudeau et al., 2012; Shen et al., 2012; Nie et al., 2012; Dinis et al., 
2012). 
Recently, the results of Whitchurch et al. (2011) have set up a U/Pb framework for the sedimentary 
fill of the South-Central Spanish Pyrenees and especially for the upper Eocene units that this study 
focuses on. Whitchurch et al. (2012) recognised three main age components recorded in the U/Pb 
geochronological age distributions: a) A strong Hercynian (Carboniferous age signal) of ca. 310 Ma 
and two pre-Hercynian age components of b) a late-Ordovician magmatic event at ca. 480 Ma and c) 
a ca. 580 Ma (Ediacaran) to Early Cambrian magmatic event. These same age components are 
recorded in two other U/Pb studies in the region by Filleaudeau et al. (2012) and Roda-Boluda (2012). 
U/Pb geochronological studies in catchment regions have aimed at dating igneous massifs in the Axial 
Zone of the Pyrenees (e.g. Deloule et al., 2002; Laumonier, 2004; Castiñeiras et al., 2008; Denele et 
al., 2009) and have established ages and distribution of zircon ages in these massifs. Based on these 
studies, Whitchurch et al. (2011) argued that all the pre-Hercynian ages signals are associated 
predominantly with the Eastern Pyrenean igneous massifs. Whitchurch et al. (2011) suggested that 
there are two typical modes of sediment dispersion, a transverse and a perpendicular one, and that pre-
Hercynian age signals are associated with the transverse mode. 
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Figure 3-12: a) shows the U/Pb signals of 22 stations, 18 of which have been analysed by this study, sample 21 is from Filleaudeau, et al., 2012, 22 and 23 
are from Roda Boluda, 2012 and 19 from Whitchurch et al., 2011. In each sample U/Pb age spectra the x axis represents ages in Myrs and n represents the 
number of grains dated and the colour coding represents the interval that this sample belongs to. b) Shows the distribution of the samples in the various 
localities in Tremp Graus basin (Gurp, Sis, Viacamp and Lascuarre) and in Ainsa basin (next page). Subfigures c, d and e) show multidimensional scaling 
analysis (Vermeesch 2012b) of the age data for interval 1, 2 and 3 respectively. In c we see a clear grouping of data into two categories with significant 
dissimilarities in the signal, with time however and e) the signal becomes more homogenised and the signals are almost identical. 
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Figure 3-12 a and b show all U/Pb detrital zircon age data that have been acquired from samples along 
the fairway from the Sis and Gurp/Pobla palaeovalley proximal regions to the Viacamp and Lascuarre 
depozones of the Tremp Basin and the Ainsa Basin. All of the U/Pb geochronological ages data 
produced from this study are presented in the Appendix I table 9-4. In total, 18 sample localities were 
suitable for U/Pb detrital zircon dating and another 4 samples from previously conducted studies are 
presented here for comparison (Whitchurch et al., 2012, Roda Boluda, 2012, & Filleaudeau 2012). 
This figure shows the distribution of the various samples along the fairway in space and time, with 
white samples representing middle Eocene samples, yellow samples collected from time-interval 1; 
orange samples are of time-interval 2, red samples from time-interval 3, and grey samples from 
Antist. Almost all the samples have all the three peaks recognised by Whitchurch et al. (2011), which 
are both Hercynian and pre Hercynian (Early Ordovician and Ediacaran to Early Cambrian). In 
addition, grain age mixture models reveal additional peaks (Filleaudeau et al., 2012). The most 
abundant 4th peak records a Tonian to Cryogenian event (Early to Middle Neoproterozoic) at ca. 738-
995 Ma (from 2 to 17% abundance). Three samples record a peak of around 1.5 Ga (Early 
Mesoproterozoic), but most samples have peaks around 1.9-2.2 Ga, showing a clear Palaeoproterozoic 
event, with abundance ranging from 1 to 10%. The oldest systematic old zircon ages recorded have 
Neo-Archean ages (ca. 2.5-2.8 Ga). Detailed plots with the peak-fitting exercise using the density 
plotter of Vermeesch (2012) can be found in the Appendix I and in Figures 9-4; 9-5; 9-6 and 9-7). All 
the peaks described, constitute the baseline U/Pb age distribution signal; which most samples have 
and represent the U/Pb age signal that the catchment regions during the deposition of the Escanilla 
Formation provided.  
Figure 3-12a shows the evolution of the U/Pb signal through time visually. A multidimensional 
scaling analysis was performed in order to assess the statistical proximity of samples (Vermeesch, 
2013; Figure 3-12 c, d and e. These panels show the similarities of the samples in statistical K-S space 
and the solid lines connect the closest neighbours whereas the dotted lines the second closest 
neighbours. Figure 3-12 c show dissimilarities of samples in interval 1 and middle Eocene samples; 
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figure 3-12d presents results of MDS in interval 2, and interval 3. Antist samples are shown in figure 
3-12e. There are clear similarities between the signals in the various localities and especially between 
the signals in the Ainsa and Lascuarre regions. In addition there is a marked dissimilarity between 
samples of time-interval 1 and time-interval 2 at Sis, and in the Ainsa region for time-interval 1, 
which records a very strong Hercynian peak. In contrast to all the other U/Pb age spectra in other 
localities. This visual difference can also be expressed statistically, where the dissimilarity of samples 
2, 3 and 12 from the others is sufficiently large to form a different group in Figure 3-12c. This 
dissimilarity has implications for the catchment regions of the Sis palaeovalley during the Eocene, 
showing a clearly different signal from the Gurp palaeovalley in the same period (sample 19; 
Whitchurch, et al., 2011) and the baseline signal discussed above. It also indicates that the proximity 
of the Maladeta and other Hercynian igneous massifs strongly influenced the Sis palaeovalley U/Pb 
signals. 
In time-interval 2 (figure 3-12 d), however, a shift of U/Pb signals can be observed in Sis, with all 
samples from this time-interval regarded statistically as one group, since samples from different 
regions become more and more similar. Finally, in time-interval 3 and during Antist times (Figure 3-
12e) all the samples from the various sub-basins have almost the same baseline U/Pb signal. 
3.4 Discussion, mapping of the fairway and delimiting catchment regions 
3.4.1 Palaeocurrent data 
The palaeocurrent data show that the dominant palaeoslope was towards the W, in agreement with the 
prevailing palaeoflow seen in palaeogeographic reconstructions (Bentham et al., 1992; Nijman et al., 
1996; Dreyer et al., 1999; Remacha et al., 2005; Das Gupta & Pickering, 2008; Caja et al., 2010; 
Whitchurch et al., 2011).  
Palaeocurrent data indicate that the Sis and Gurp palaeovalleys had palaeocurrents towards the S, 
swinging towards the W in the southern Tremp Basin influenced by the Montsec thrust system. In the 
Ainsa Basin, rivers flowed towards mostly the N, influenced by the Mediano and Boltaña anticlines, 
Chapter 3 
78 
which were already palaeo-highs at this time. Rivers must have gone around the northern limit of the 
Boltaña anticline to source sedimentary units in the Jaca basin (Figure 3.13) 
3.4.2 Clast lithology data 
Clast lithology data show that there are two distinct signatures in conglomerates from Gurp and Sis, 
and we see a mixing of these two signals in the Tremp Basin. With distance, exotic clasts sourced 
from metamorphic and granitic basement massifs break down, representing few clasts in Ainsa, which 
is dominated by the presence of Triassic red-sandstones and more durable Mesozoic limestones and 
Tertiary sandstones. Similar abundances of clast types are found in the Jaca Basin (Jolley, 1987) - 
Triassic, Mesozoic limestones and Tertiary sandstone clasts.  
Overall, the clast lithology data in the Tremp Basin show that Viacamp and Lascuarre were 
teleconnected with the Sis and Gurp fanglomerates in the north of the Tremp Basin, which evidently 
acted as feeder points of sediment for the Escanilla units in Viacamp and Lascuarre. The abundances 
in the Ainsa and Jaca basins indicate a teleconnection between the two basins, as indicated from 
previous sedimentological and sediment budget studies (e.g. Jolley, 1987; Bentham et al., 1992; 
Hogan & Burbank 1996; Teixell, 1998; Dreyer et al., 1999) 
3.4.3 Heavy mineral results 
Heavy mineral data are very useful in providing information about source regions and detailed 
analysis can pinpoint sources in the catchment. SEM microprobe and SHRIMP analyses are needed to 
provide more detailed information about specific source regions. Nonetheless, the available data can 
provide a broad idea of rock units that sourced the Escanilla system in combination with clast 
lithology data (§3.4.2).  
Additionally, heavy mineral analysis along with other provenance tools can provide information about 
sediment trajectories and teleconnections between outcrop localities. The available data suggest that 
the Sis palaeovalley sourced the Escanilla system in Lascuarre (Vincent 2001), but an additional 
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source region(s) is needed to explain the heavy mineral signals in time-intervals 1 and 2. This 
reinforces the scenario described in §3.4.2, suggesting that Gurp acted as this additional source 
region. 
The most abundant heavy minerals in the Sis and Lascuarre regions are zircon, apatite, tourmaline, 
and garnet and epidote group minerals. In general, zircon and apatite are very common and associated 
with a wide range of petrogenetic environments. Zircon can be found in magmatic, metamorphic, 
pegmatitic and alluvial rocks, apatite in calc-silicate rocks, igneous veins, sedimentary rocks and 
alkali-pegmatite. Tourmaline on the other hand indicates a rhyolitic, granitic, dioritic, pneumatitic or 
volcanic origin, as well as being found in contact metamorphism and skarn environments, 
hydrothermally altered basalt clasts, gabbro and gneisses. The epidote group contains very broad 
spectrum of chemical end-members and indicate a wide range of environments, but is mostly found in 
mafic rocks that have experienced a greenschist and lower amphibolite facies of metamorphism. 
Garnet is found in ultrabasic rocks, metamorphic rocks, magmatic and pegmatites. In other words, 
whereas tourmaline indicates a more granitic origin, epidote group minerals indicate metamorphic 
source rocks.  
The increase of epidote group abundance in the samples in the Sis palaeovalley-fill may therefore 
indicate a re-organisation in the catchment region that sourced Sis palaeovalley to include more 
metamorphic rocks. In relation with the U/Pb data, it is possible that these Palaeozoic metamorphic 
rocks are the source of both the recycled pre-Hercynian and pre-Cambrian zircon seen in the U/Pb 
dating results. If this is correct, then zircons that have early Ordovician and Ediacaran to Early 
Cambrian ages do not necessarily come from the Eastern Pyrenees, but instead from catchment 
regions north of the palaeovalleys in the Central Pyrenees.  
3.4.4 U/Pb geochronological signals 
The U/Pb data reinforces the hypothesis that the Tremp and Ainsa basins were connected during 
Escanilla Formation deposition (Bentham, 1993; Poblet et al., 1998; Dreyer et al., 1999) with very 
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similar signals in both basins. Multidimensional scaling analysis reveals that the zircon U/Pb signals 
in the Sis and Gurp feeder systems become more homogenised, reflecting lithological changes in the 
catchments that sourced the Sis palaeovalley. It also shows that there is mixing in the Tremp Basin by 
the multiple signals of different source regions. This mixed signal was propagated into the Ainsa 
basin 
3.4.5 Mapping the sedimentary fairway 
The map of the fairway acts as a palaeogeographic map and also as the ‘footprint’ of deposition of the 
Escanilla system for 3 time intervals and the map of the fairway shows the connectivity between the 
various outcrop localities (based on U/Pb geochronology, palaeocurrents, clast lithologies etc).  
Figure 3-13 shows the reconstruction of the fairway of the sediment routing system. It was 
constructed with the aim of estimating depositional cross-sectional areas from source to sink at 
various stations along the sediment dispersal route (Figure 3.14 and sections A to G). Mapping was 
aided by structural confinement of the sediment routing system by bounding thrusts (e.g. Montsec, 
Boixols/Turbon, and Sierras Exteriores) and lateral ramps (Boltaña and Mediano). This was guided by 
structural relationships (structural dips) of the mapped Lutetian to Bartonian/Rupelian intervals with 
the various structures bounding the Escanilla system from ASTER DEM models.  
The subsurface and the cross-sectional area reconstruction was informed by the studies of Ardèvol et 
al. (2000) and Soto & Casas (2001) who show the seismic and tectonic structure of the Eocene units 
in relationship with the main tectonic structures. 
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Figure 3-13:  Map of the sedimentary routing system fairway of the Escanilla system and e.g. of cross-sectional area reconstruction of the system in various 
localities along the sedimentary pathways.(Caption of figure in page 78) 
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Figure 3-14: Examples of seismic interpretation studies in the Source to sink system with A-A' cross-section in Tremp (Ardèvol et al., 2000), B-B’ from Ainsa 
basin (Soto & Casas, 2001) & C-C' from Jaca basin (Teixell 1995;1998) and a location map of where these cross-sections are coming from. 
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Poblet et al. (1998) advocates that the south side of the Mediano anticline did not impede flow to the 
Ainsa basin from Tremp basin allowing the interconnectivity of the two basins supporting the U/Pb 
and clast lithological findings from this study. The northern Mediano anticline, on the other hand, was 
an important palaeohigh, which acted as a lateral confinement of the system. Teixell (1998) based on 
sediment budget work in the Jaca basin and Western Pyrenees, argues that most of the sediment that 
sourced the Jaca basin during the Eocene must has come from an easterly source with minor input 
from the young palaeo-catchments of the western Pyrenees. In order to map the fairway in the Jaca 
Basin, structural cross-sections from Turner (1992) and Jolley (1987) were used (e.g. Appendix I). 
Figure 3-14 shows the various seismic and structural cross-sections that aided the reconstruction of 
the sediment routing system fairway in the Tremp, Ainsa and Jaca basins. 
3.4.6 Location and size of catchment regions 
To summarise the observations from the various provenance tools: 
U/Pb, clast lithology and heavy mineral signals can help pinpoint source regions for the sediment 
routing system.  
a) In the Sis palaeovalley, the heavy mineral signals indicate a change in provenance from a 
dominantly granitic source in time-interval 1 to a mixed granitic and metamorphic source in time-
interval 2, suggesting that the catchment regions should be at least as far back as the metamorphic 
units close to Bielsa Massif (NNW of the Sis palaeovalley; figure 3-15).   
b) Heavy minerals and clast lithology data in both the Lascuarre and Gurp regions indicate granitic 
and metamorphic source regions throughout deposition of the Escanilla system pinpointing sources of 
these rocks in the North Pyrenean Fault Zone and the nearby Aston (AS) and Hospitale (H) Massifs 
(Figure 3-15). 
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Figure 3-15: A) overview and distribution of Pre-Hercynian, Hercynian rocks in the Axial zone of the 
Pyrenees and Metamorphic rocks close to the Sis and Gurp outlet points of the Escanilla system 
which has been modified from Whitchurch et al., 2011. B) Zoomed in section and map of possible 
pathways of rocks to the Gurp and Sis regions by Bartonian based on the U/Pb, clast lithological and 
heavy mineral signals in the Escanilla system. C) Based on the distribution of the Pre-Hercynian and 
Metamorphic rocks in the today’s catchment regions we estimate the minimum dimensions of 
catchment regions of these two feeder points. All abbreviations used by Whitchurch et al., 2011 to 
annotate the various massifs: a) North Pyrenean Massifs: U—Ursuya, Br—Barousse, C—Castillón, 
Az—Arize, TS—Trois Seigneurs, SB—Saint Barthelemy, As—Aston, H—Hospitalet, Ca—Canigou, 
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N—Nuria, Ag—Agly, R—Roc de Frausa, Al—Alberes, C—Cap de Creus; b) Main granitic plutons: 
Ay—Aya, EC—Eaux Chaudes, CP—Cauterets-Panticosa, N—Neouvielle, Bi—Bielsa, BL—Borderes-
Louron, Mi— Millares, P—Posets, LC—Lys-Caillaouas, Ba—Barruera, Ma—Maladeta, Ar—Arties, 
Mn—Marimaña, R— Riberot, L—Lacourt, Bs—Bassies, Av—Andorra, ML—Mont-Louis, Qu—
Querigut, Mi—Millas, An— Ansignan, SA—St Arnac, SL—Saint Laurent 
 
c) Throughout the Eocene the Gurp fans were sourced by Hercynian and pre-Hercynian granites. The 
Hercynian granites are abundant throughout the Pyrenees, whereas the pre-Hercynian Granites are 
located and restricted close to the North Pyrenean Fault Zone and the Eastern Pyrenees. If 
compartmentalisation of the late Eocene Pyrenean fold- thrust belt prevented longitudinal flow 
(Whitchurch et al., 2011) from the Eastern Pyrenees to the Tremp Basin, the source of the pre–
Hercynian zircons found at Gurb must have been close to the drainage divide of the central Pyrenees 
(Figure 3-15b). 
d) For the Sis feeder, the main source throughout time-intervals 1 and 2 was Hercynian granites, 
based on the U/Pb geochronological evidence. In, time-interval 3 and onwards, however, catchments 
for the Sis deposits delivered pre-Hercynian aged zircons, indicating that the catchment must have 
expanded up to the North Pyrenean Fault Zone (Figure 3-15b). 
The provenance signals in both Sis and Gurp therefore imply catchment areas extending into the Axial 
Zone (Figure 3-15 b, c). The minimum dimensions of these palaeo-catchments (Figure 3-15c) are 
approximately 65 by 35 km for Sis and 70 by 35 km for Gurp.  
3.5 Conclusions 
Chapter 3 presents a correlation panel along the Tremp, Ainsa and Jaca basins that subdivides the 
Escanilla sediment routing system into three time intervals: a) 41.6-39.1 Ma, b) 39.1-36.5 Ma and c) 
36.5-33.9 Ma. The provenance analyses and especially the U/Pb and clast lithology data retrieved 
along the fairway suggest that the Tremp, Ainsa and Jaca basins were teleconnected, confirming 
previous provenance, and palaeogeographic and sediment budget studies. Provenance data suggest 
that the main feeder points for the Escanilla Formation were the Sis and Gurp/Pobla regions, with 
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possible local sources from the existing palaeo-highs. Only in time-interval 3 are there indications of 
additional sources for the Jaca Basin from Santa Orasia. The observations above enable the 
sedimentary trajectories to be constrained, defining a fairway linking sources and sinks along a series 
of basins (Tremp, Ainsa, and Jaca) in the Pyrenean wedge-top zone.  
From U/Pb detrital zircon ages and heavy mineral analysis data, re-organisation of the catchment 
regions that sourced the Sis palaeovalley are recorded. Zircons with pre-Hercynian ages have most 
likely been derived from Palaeozoic metamorphic basement in the Axial Zone rather than from the 
Eastern Pyrenean massifs. The Gurp and Sis palaeovalleys had catchment regions that extended all the 
way back to close to today’s drainage divide near the North Pyrenean Fault Zone. Catchments 
responsible for sourcing the Escanilla palaeo-sediment routing system had minimum dimensions of 
approximately 60-70 km across and 35-40km wide. 
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4 Thermochronological evolution of the Escanilla system: insights into 
catchment erosion 
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4.1 Introduction 
This study aims to provide insights into the exhumation history of the source regions of the Escanilla 
source-to-sink system, an ancient siliciclastic sediment routing system that was sourced from the 
Axial Zones of the Pyrenees (Chapter 3; Vincent, 2001; Vergés et al., 2002; Whitchurch et al., 2011; 
Whittaker et al., 2011) and deposited along the fold-thrust belt of the Pyrenees in the Tremp-Graus, 
Ainsa and Jaca basins (Figures 3-13; 4-1; Munoz 1992; Bentham et al., 1993; Nijman 1998; Beamud 
et al., 2003). The interpretation of thermochronological evolution builds on the findings described in 
Chapter 3 and aims to provide new insights into the exhumation history of the palaeo-catchment 
regions. Constraining the evolution of these palaeo-catchment regions and their dimensions will 
potentially enable a first order estimation of sediment discharges provided to the neighbouring basins. 
The principal aims of this new detrital apatite thermochronological study of the Escanilla system are 
to: a) understand the thermal exhumation history of the catchment or source areas of this system and 
b) use the thermochronological data to improve the link between previous thermochronological 
studies of the Sis and Gurp catchments (Beamud et al., 2010; Rahl et al., 2011; Fillon & Van Der 
Beek, 2012; Filleaudeau, et al., 2012 ) and the rest of the Escanilla routing system preserved in the 
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Tremp-Graus and Ainsa Basins. The new thermochronological data come from samples collected 
along the mapped sedimentary fairway of the Escanilla system (Figures 4-1, 3-14) and along the three 
time intervals tracked in this study (Chapter 3). 
 
Figure 4-1: Map of the distribution of the Escanilla time equivalent outcrops and distribution of the 
samples collected for Detrital Apatite Fission Track (DAFT) analysis in the basin-fill of the Tremp-
Graus and Ainsa basins. 
  
4.1.1 Apatite Fission Track Analysis 
Fission tracks (FT) are formed from the natural spontaneous radioactive decay of 
238
U,
 235
U and 
232
Th 
via a nuclear fission (Price & Walker, 1963; Naeser, 1967; Wagner, 1968; Gallagher et al., 1998; 
Carter, 1999; Donelick et al., 2005). During each fission event, two fission fragments fly apart at 
opposite directions, creating a single fission damage track in the enclosing atomic lattice; displacing 
atoms from their original positions (Gallagher et al., 1998; Carter, 1999; Donelick et al., 2005). 
Although fission tracks are produced by the natural, spontaneous fission of several isotopes, tracks 
produced from 
238
U account for most of the tracks observed in natural minerals (
235
U and 
232
Th have 
longer half lives but are less abundant). Fission tracks were first identified in the late 1950’s and this 
soon led to the recognition that the number of tracks contained in a host uranium-bearing mineral, 
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such as apatite and sphene, may contain useful information about geological age. A history of the 
method can be found in Wagner & Van den Haute (1992). 
Price & Walker (1963) proposed the first fission track-based age equation and the first geological 
applications appeared in the literature four years later using apatite and sphene minerals (Naeser, 
1967; Wagner, 1968). Throughout the 1970’s the method was used as a dating tool sensu stricto, but it 
was soon recognised that in most cases the recorded FT ages were apparent ages, the result of 
complex heating and cooling histories. With heating tracks anneal or self heal and shorten; moving 
the previously displaced atoms back to their original position. This recognition led, in the mid 1980’s, 
to the development of empirical models that describe track shortening (annealing). These models 
(refined during the last decade) have enabled a sample’s past thermal history to be reconstructed 
through ever increasingly complex modeling procedures, e.g. Ketcham et al., (2005; 2007).  
The first fission-track provenance work by Gleadow & Lovering (1974) triggered an exponential rise 
in FT provenance studies, tackling a wide range of geological problems that include reconstructing 
long-term erosional histories of orogens, with a significant number of studies on the Pyrenees (Garver 
et al., 1999; Fitzgerald et al., 1999; Sinclair et al., 2005; Gibson et al., 2007; Metcalf et al., 2009; 
Beamud et al., 2010; Whitchurch et al., 2011).  
The utility of fission track (FT) analysis is due to the fact that fission tracks are not sites of permanent 
damage to the crystal lattice. Exposure to elevated temperatures can lead to the lattice damage 
undergoing a process of self-repair (annealing) whereby displaced atoms move back to their original 
sites, leading eventually to complete disappearance of tracks (total resetting). This feature can be 
exploited to extract information on the low-temperature history of mineral host rock as the 
temperature at which tracks reset depends on both time and temperature. In the geological 
environment where heating typically occurs over timescales longer than 10
6
 yrs fission tracks anneal 
completely in apatite above temperatures of ~ 120
o
C. Exposure to lower temperatures, between 120 
and 60
o
C isotherms in the earth’s crust is called the partial annealing zone, and causes fission tracks in 
apatite to progressively shorten from their ends. Below ~ 50°C tracks become effectively stable. 
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Because tracks form continuously, throughout the samples history, with the same initial length, 
individual tracks will record a different portion of a rock’s thermal history. This means that the 
population of track lengths in a sample will have a length distribution diagnostic of the sample’s 
thermal history.  
4.1.2 Catchment regions and their geothermal history 
The provenance analysis in Chapter 3 yielded provenance signals of the Escanilla system that are 
diagnostic of source regions in the Axial Zone of the Pyrenees. The map of the main catchments that 
fed the Escanilla system and Sis and Gurp fanglomerates is presented in Chapter 3 (Figure 3-15). It 
shows which rock units served as the dominant sources for the stratigraphic units preserved in the 
basin sink. 
The Pyrenean wedge (Figure 4-2) is constituted by a number of thrust sheets (Nogueres, Orri and 
Rialp) on the southern side of the Pyrenees, and the exhumation history of the Pyrenees is closely 
linked with the movement and emplacement of these thrust units. The thrust units contain a wide 
variety of lithologies including Palaeozoic sedimentary rocks that have experienced multiple cycles of 
erosion and re-burial. Other lithologies present in the thrust units include a mixture of Hercynian 
granitic bodies, Pre-Hercynian gneisses and granites (Whitchurch et al., 2011) and metamorphic rocks 
emplaced along the North Pyrenean Fault zone during the Cenomanian-Turonian (~93Ma) event 
(Albarede & Michard-Vitrac, 1978; Golberg et al., 1986). The distribution of these units in the Axial 
Zone close to the exit points of palaeo-catchments are shown in Figure 3-15.  
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Figure 4-2: Structural cross-section across the Pyrenees. In this figure the doubly vergent wedge of 
the Pyrenees is shown with the Axial Zone in the middle and fold and thrust and foreland basins in 
either side of this wedge. This study focuses on the Southern Pyrenees, sourced from the Nogueres 
and Axial Zones. The structure and main thrust units Nogueres (N), Rialp (R) and Orri (O)  constitute 
the the Hinterland/Source areas of the Southern Pyrenees, are shown. 
 
For a detailed account of the evolution of the Pyrenean wedge has been presented in Chapters 2 and 3. 
The most relevant events relating to the mid to upper Eocene Escanilla system can be summarised as: 
 Onset of convergence in the east around 83 Ma (Puigdefábregas & Souquet 1998; Rosenbaum 
et al., 2002; Metcalf et al., 2009) based on plate tectonic reconstructions and onset of rapid 
exhumation at ~ 78 Ma (Whitchurch et al., 2011). 
 Period of relative quiescence in the Palaeocene, between ~ 68-56 Ma, (Whitchurch et al. 
2011; Rosenbaum et al., 2002).  
 Acceleration of convergence in the late Palaeocene to early Eocene (~51 Ma), recorded by 
zircon and apatite exhumation ages with short lag times, diagnostic of rapid cooling   
(Beamud et al., 2010; Whitchurch et al., 2011; (~56-48 Ma) Rahl et al., 2011).  
 Reorganisation of the catchment due to the emplacement of the Orri thrust unit and further 
shortening of the central Pyrenees by out-of-sequence thrusting, in the middle to late Eocene 
(Vergés et al., 2002; Sinclair et al., 2005; Beamud et al., 2010; Whitchurch et al., 2011). 
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 Rock and surface uplift of the Western Pyrenees initiated sediment supply to the Jaca basin, 
based on sedimentological data in the late Eocene to Oligocene (Hogan & Burbank, 1996; 
Teixell et al. 1998; Costa et al., 2010). By contrast, the Central Pyrenees experienced rapid 
exhumation (0.5-2.0 mm yr
-1
) from the late Eocene to Oligocene (37-30 Ma), supported by 
bedrock thermochronological data and thermal history models (Sinclair et al., 2005; Metcalf 
et al., 2009; Rahl et al., 2011; Fillon & van der Beek, 2012). This phase of rapid cooling 
ended at ~ 30-25 Ma (Sinclair et al., 2005; Metcalf et al., 2009; Beamud et al., 2010).  
 Final major exhumation event in the Oligocene (~30 Ma, Whitchurch et al., 2011) in response 
to undeplating and stacking in the Central Pyrenean Axial Zone (Sinclair et al., 2005) 
associated with the Rialp unit. Following this event catchment exhumation rates rapidly fell to 
<0.2mm yr
-1
 until approximately 15 Ma (Metcalf et al., 2009; Rahl et al., 2011).  
 Re-excavation of the whole system in the late Miocene, associated with base-level drawdown 
linked with the salinity crisis in the Mediterranean Sea. 
4.2 Methodology 
4.2.1 Apatite fission track analysis 
Detrital apatite fission track analysis was used to define the exhumation histories of the upper crust in 
the target catchment regions during the Eocene-Oligocene. Rocks samples were first collected from 
the sides indicated in Figure 4-1. These samples where then crushed to a medium sand grain-size 
using a jaw crusher and disc mill. Density separation was undertaken using bromoform (CHBr3, s.g. 
2.85-2.89), to concentrate the heavy-mineral fraction. The bromoform sinks were then passed through 
a Franz isodynamic magnetic separator to concentrate apatite and zircon, which are effectively non-
magnetic at field strengths ≤ 1 amp. Final separation of the lighter apatite from heavier zircon was 
carried out using the heavy liquid diiodomethane (CH2I2, s.g. 3.3). Most of the samples yielded apatite 
grains: by contrast zircon yields were generally much lower.  
After extraction the apatite samples were mounted on glass slides in araldite and after curing on a 
hotplate the grain mounts were polished using alumina pastes down to a 0.3µm grain-size, to reveal 
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grain internal surfaces (this removes any parentless implanted tracks). Mounts were then etched for 20 
seconds in 5N HNO at 20°C to reveal the spontaneous (fossil) fission tracks. The next stage involved 
irradiating the sample slides with fast (> 2.5 MeV) neutrons in a research reactor at the University of 
Munich, Germany, to induce spontaneous fission and record uranium distributions on mica detectors.  
This approach is known as the external detector method (Donelick et al., 2005). A stack of slides with 
mica external detectors capped top and bottom by corning glass dosimeters to measure the irradiation 
fluence were placed in a nylon holder and sent to the Garching reactor in Germany. After irradiation 
and cooling to safe levels of activity (normally 1-2 months after irradiation) the mica detectors were 
removed and etched in 48% hydrofluoric acid for 30 minutes at 20°C to reveal the induced tracks that 
record the uranium content and distribution of the individual apatite grains.  
4.3 Results 
4.3.1 Apatite fission track analysis 
4.3.1.1 Apatite ages 
The sampling strategy aimed to cover the whole mapped fairway and all available outcrop localities of 
the mid-late Eocene stratigraphic units along the 3 time intervals correlated in Chapter 3. 
Approximately 100 samples were collected and processed. Although apatite was present in most of 
the samples the quantity of grains was often low and the quality of many of the apatites was often 
poor due to inclusions, defects and low uranium concentrations. These factors combined to restrict 
fission track analysis to only 33 of the samples. The distribution of samples is shown in Figure 4-1, 
and a summary of the fission track counting data is provided in tables 4-1 & 4-2.  Of the 33 samples 
analysed, 23 yielded > 20 single grain ages but only 9 samples yielded > 30 confined track length 
measurements (Table 4-1).  The number of measured single grain ages is well below the 117 grain 
ages required to detect all principal age components in a detrital sample at the 95% confidence level 
(Vermeesch, 2004). Other detrital thermochronological studies in the Pyrenees have encountered 
similar problems (Rahl et al., 2011, Beamud et al., 2011; Filleaudeau et al., 2012). The data can only 
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therefore be used to indicate source exhumation and these low grain numbers means the sample data 
possibly do not reflect all of the probable sources. 
Calculation of the apatite fission track age in single grains is based on the age equation below: 
  
 
  
        
  
  
       [Eq. 4-1] 
where λd is the total decay constant of uranium, ζ is the zeta calibration method, used to overcome 
problems with decay constants for spontaneous fission, track registration and personal counting 
efficiencies. The zeta value for Nikolas Michael, acquired from a library of age standards was 
ζ=323.65±7.63. ρd is the density of the induced tracks on a mica detector placed against a uranium 
glass standard used as a dosimeter to monitor the irradiation neutron flux, g is the geometry correction 
factor, ρs is the density of the spontaneous tracks on the sampled grain and ρi is the density of the 
induced tracks of the grain print on the mica detector,. These are the attributes reported in Tables 1 & 
2. Spontaneous and induced track lengths, Dpar (the length of the etch pits) and confined track lengths 
were measured on a Zeiss microscope at a magnification of 1250x. The microscope has a computer 
controlled XY stage driven by the software FT Stage 4.04 (by Trevor Dumitru) to record co-ordinates 
for grains and mica prints and to drive a digitising table for track length.  
Table 4-1 reports the central ages of the samples analysed (Figure 4-3), and this central age is based 
on a form of a weighted mean of the log-normal distribution of single grain ages from Galbraith and 
Laslett (1993). The central age is only meaningful if the component grain ages belong to a single 
population. A dispersion value for the central age that is > 20% and p (χ2) <5% indicates a mixed age 
population. Table 4-1 show that some samples have overdispersion relative to a Poisson model, i.e. a 
sample comprises more than one source age. The component ages for each overdispersed sample are 
shown on the radial plots presented in Figure 9-8 of Appendix II. Radial plots are the standard method 
used to display grain age distribution of fission track data (e.g. Galbraith, 1990; Gallagher et al., 1998; 
Carter, 2007; Rahl et al., 2011).  
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Figure 4-3: Plot of the depositional age against the detrital apatite central age or P1 for each 
sampled locality. This figure contains in blue circles the detrital apatite ages previously produced 
from other studies (Beamud et al., 2010; Rahl et al., 2011) and in black dots data from this study. The 
grey shaded area shows the provenance signal recorded in the Gurp and Sis feeder points. On this 
diagram lag time lines are also plotted from left to right at 0, 1, 5, 10, 20, 30, 40 & 50 Myrs, which is 
the difference between the central age and the depositional age. Based on this lag time the erosional 
rates are calculated assuming geothermal gradients 30 and 20 
o
C km
-1
. At the top of this figure the 
main tectonic events are presented. 
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Table 4-1: AFT ages on fully reset samples. This table presents all the samples (23) which the central age or P1 age component have more than 20 single age 
dates. ρd, ρs and ρi are the dosimeter, sample spontaneous and induced track densities respectively; P(χ2) is the probability of χ2 for v degrees of freedom 
where n = no. of crystals –1; All ages are central ages (Galbraith & Laslett, 1993). All the samples shown in red have P(χ2) <5 and Re≥ 30, diagnostic of 
mixed ages. The component ages (listed in table 4-3) were extracted using the algorithm of Galbraith 2005 and the “Radial Plotter” program of Vermeesch, 
P. (2009). 
Sample Locality Deposition 
Age 
No. grains ρd Nd ρs Ns ρi Ni P(χ2) Re% Central Age 
(Ma) 
Mean track 
length 
(µm) 
S.d  
(no. 
tracks) 
S088 Gurp 39.1-36.5 23 1.437E+06 7968 9.3510 E+05 544 3.513 E+06 2082 0.56 0.00 60.8±3.2 12.48±0.5 1.42 (8) 
S089-104 Gurp 36.5-33.9 29 1.437E+06 7968 7.7830 E+05 481 3.127 E+06 1865 0.00 31.50 57.9±4.8 12.60±0.36 1.09 (9) 
S113/4/5 Gurp 41.6-39.1 21 1.437E+06 7968 11.310 E+05 569 3.374 E+06 1806 0.00 50.04 73.2±9.6 No data No data 
S001 Sis 39.1-36.5 82 1.708E+06 9469 7.7170 E+05 2580 3.708 E+06 12540 0.00 17.0 56.9±1.8 No data No data 
S011 Sis 41.6-39.1 20 1.554E+06 4307 9.0390 E+05 714 4.695 E+06 3797 25.69 8.7 49.1±2.4 13.19±0.25 1.44(35) 
S031 Sis 33.9 34 1.708E+06 9469 7.2800 E+05 532 3.769 E+06 2850 0.00 37.4 50.6±4.6 No data No data 
S040 Sis 39.1-36.5 29 1.708E+06 9469 8.5630 E+05 704 4.514 E+06 3795 60.78 1.4 51.1±2.2 No data No data 
S042 Sis 39.1-36.5 100 1.554E+06 4307 9.0390 E+05 2955 4.695 E+06 15096 2.17 10.9 51.4±1.4 13.24±0.17 1.24(56) 
S052 Sis 39.1-36.5 20 1.708E+06 9469 6.6680 E+05 474 3.095 E+06 2237 35.54 10.9 59.1±3.5 No data No data 
96/7-116 Viac. 39.1-36.5 36 1.398 E+06 7748 22.000 E+05 2440 7.489 E+06 8457 0.00 14.00 67.2±5.3 14.08±0.24 1.86(60) 
S118 Viac. 39.1-36.5 27 1.437 E+06 7968 6.745 E+05 477 1.556 E+06 1073 0.34 29.30 110±10.6 No data No data 
S043 Lasc. 33.9 34 1.708 E+06 9469 10.574 E+05 878 4.985 E+06 4297 0.00 21.08 57.7±3.2 No data No data 
S045 Lasc. 41.6-39.1 21 1.708 E+06 9469 7.681 E+05 424 3.222 E+06 1965 0.04 26.8 62.7±5.8 No data No data 
S051 Lasc. 39.1-36.5 33 1.554 E+06 4307 7.944 E+05 747 3.669 E+06 3537 0.00 32.6 58.1±4.3 13.72±0.28 1.46(28) 
S055 Lasc. 41.6-39.1 60 1.708 E+06 9469 14.903 E+05 4367 7.060 E+06 21055 1.14 26.8 57.9±2.2 No data No data 
S059 Lasc. 39.1-36.5 22 1.398 E+06 7748 18.341 E+05 1488 5.794 E+06 4705 2.84 14.6 77.6±8.1 14.31±0.34 2.10(39) 
S061 Lasc. 33.9 37 1.437 E+06 7968 8.505 E+05 748 4.064 E+06 3493 2.81 17.53 49.6±2.6 11.15±0.67 2.78(17) 
S062 Lasc. 41.6-39.1 25 1.395 E+06 7733 16.309 E+05 1632 3.886 E+06 4086 0.05 18.17 89.7±4.8 13.04±0.19 1.75(90) 
S064 Lasc. 39.1-36.5 22 1.395 E+06 7733 19.621 E+05 1357 6.853 E+06 4592 21.05 3.93 66.2±2.3 13.18±0.29 2.03(51) 
S067 Lasc. 39.1-36.5 25 1.437 E+06 7968 7.410 E+05 366 2.399 E+06 710 0.01 27.10 66.9±4.4 No data No data 
S070 Ainsa 41.6-39.1 45 1.398 E+06 7748 15.770 E+05 1603 7.023 E+06 7225 0.09 22.1 43.6±5.2 13.25±0.24 1.88(63) 
S072 Ainsa 41.6-39.1 26 1.437 E+06 7968 12.127 E+05 683 5.240 E+06 2897 25.77 6.40 54.6±2.5 12.38±0.39 1.17(9) 
S075 Ainsa 36.5-33.9 67 1.437 E+06 7968 10.030 E+05 1336 4.176 E+06 5663 0.00 30.70 59±3.1 13.54±0.25 2.12(72) 
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Table 4-2: A summary of all samples with less than 20 single apatite grain ages The paucity of data imply that these ages are not reliable, and should be 
treated as source indicators only.e.g  S090, which has 21 grains, fails the chi-square test (<5) and even though RE% (over-dispersion) < 30, when plotting 
the grain ages as a histogram they reveal clearly two age components of 10 grains each, therefore P1 has less than 20 grains. In this table we present the ρd, 
ρs and ρi that are the dosimeter, sample spontaneous and induced track densities respectively; P(χ2) is the probability of χ2 for v degrees of freedom where n 
= no. of crystals –1; All ages are central ages retrieved using Galbraith & Laslett (1993). All samples shown in red have P(χ2) <5 and Re% close to 30, in 
which case these samples had distributions that imply multiple sources. For those samples an age component model was performed using “Radial plotter” 
software from Vermeesch, P. (2009) and reported in Table 4-3. 
Sample Locality Dep 
Age 
No. grains ρd Nd ρs Ns ρi Ni P(χ2) Re% Central Age 
(Ma) 
Mean track 
length (µm) 
S.d  
(no. 
tracks) 
S086 
Gurp 39.1-
36.5 13 1.437E+06 7968 11.203 E+05 375 4.951 E+06 1679 7.39 10.60 52.6±3.9 No data No data 
S103 
Gurp 39.1-
36.5 17 1.395E+06 7733 8.2740 E+05 335 3.535 E+06 1382 0.00 38.90 58.5±7.0 13.61±0.32 
1.10 
(11) 
S110 
Gurp 36.5-
33.9 10 1.437E+06 7968 10.835 E+05 288 4.716 E+06 1194 0.01 31.50 51.8±7.1 11.82±0.64 1.93 (9) 
S090 
Viac. 41.6-
39.1 21 1.395 E+06 7733 13.000 E+05 624 3.742 E+06 1970 0.00 27.79 80.7±6.5 12.81±0.37 1.78(23) 
S093 
Viac. 41.6-
39.1 14 1.395 E+06 7733 19.852 E+05 576 6.712 E+06 1921 0.02 29.6 71.3±6.9 12.5±0.23 1.23(28) 
S098 
Viac. 39.1-
36.5 11 1.395 E+06 7733 21.312 E+05 556 6.500 E+06 1623 40.69 7.70 76.4±4.5 13.13±0.25 1.37(25) 
S099 
Viac. 39.1-
36.5 11 1.437 E+06 7968 13.195 E+05 441 4.635 E+06 1531 0.05 23.10 63.6±6.4 13.12±1.03 3.27(10) 
S050 
Lasc. 36.5-
33.9 9 1.554 E+06 4307 9.039 E+05 226 4.695 E+06 1433 2.85 0.00 51.4±1.5 14.90±0.31 0.68(5) 
S076 
Ainsa 36.5-
33.9 19 1.398 E+06 7748 10.997 E+05 422 5.129 E+06 1967 2.41 5.00 48.3±4.7 13.94±0.50 2.02(16) 
S083 Ainsa 33.9 10 1.395 E+06 7733 10.581 E+05 208 4.553 E+06 891 0.79 26.40 56.9±6.7 13.05±0.59 1.96(11) 
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Overdispersion (multiple exhumation ages) is to be expected in the Pyrenean catchments, since 
bedrock studies suggest that they have undergone variable exhumation histories (Whitchurch et al., 
2011; Beamud et al., 2011; Filleaudeau et al., 2012). This, therefore, should be reflected by samples 
with mixed age populations. High numbers of overdispersion (RE% >30) in some instances can be 
attributed to a single older or younger grain (compared to the main population), (e.g. radial plot of 
sample S067; figure 9-8 in Appendix II) which drives the overdispersion, although it is also possibly 
due to the relatively low numbers of single grain ages. Thus, to determine whether a sample age 
distribution can be explained with a mixed population the samples were compared and analysed 
graphically in addition to the statistical analysis. Nevertheless, samples from this study show, in most 
cases, low levels of overdispersion and differences in central ages between samples can be compared 
to detect differences in sources between samples. Clearly, this approach is not possible for samples 
with high levels of overdispersion. They had to be first deconvoluted to their component age 
populations and then compared along with the other samples. 
Table 4-3: Result of age component modelling using radial plot from Vermeesch, P., 2009. What is 
striking from the analysis is that almost no samples from Sis palaeovalley failed the test showing the 
domination of Maladeta massif in providing apatites in this system. However in Gurp almost every 
sample failed the test and are over-dispersed showing multiple source regions for these apatites.  
With some peaks close to the oldest P1 peaks that we have recorded (84, 101, 114 Myrs) reinforcing 
the hypothesis that these old ages are genuine Pyrenean cover layer ages. 
Sample Group/locality 
Strat. age 
(Ma) 
N 
AFT central 
age (1s) 
Age 
range 
(Ma) 
P1  ±1s 
(Ma) 
P2  ±1s 
(Ma) 
S089-
104 
Montsor unit 
3/Gurp 
36.5-33.9 29 57.9±4.8 
24.44-
119.65 
50.3±3.5 
[87] 
115±13 
[13] 
S103 
Montsor unit 
2/Gurp 
39.1-36.5 17 58.5±7.0 
28.8-
132.64 
42.7±3.5 
[71] 
101±12 
[29] 
S110 
Montsor unit 
3/Gurp 
36.5-33.9 10 51.8±7.1 
17.9-
122.67 
43.6±4 
[78] 
84.1±9.1 
[22] 
S113/4/
5 
Montsor unit 
1/Gurp 
41.6-39.1 21 73.2±9.6 
21.11-
278.17 
62.7±3.7 
[94] 
267±47 
[6] 
S031 Antist/Sis <33.9 34 50.6±4.6 
21.22-
226.32 
45.8±2.6 
[94] 
146±21 
[6] 
S090 Interval 1/Viacamp 41.6-39.1 21 80.7±6.5 
51.88-
162.65 
58±4.5 
[46] 
105±8.8 
[54] 
S093 Interval 1/Viacamp 41.6-39.1 14 71.3±6.9 
34.63-
237.99 
64.9±3.5 
[93] 
238±64 
[7] 
S118 Interval 2/Viacamp 39.1-36.5 27 110±10.6 
50.36-
287.29 
91±2.3 
[71] 
155.2+15 
[29] 
S051 
Middle 
Escanilla/Lascuarre 
39.1-36.5 33 58.1±4.3 
29.11-
189.12 
46.4±3.3 
[69] 
84±10 
[31] 
S075 
Upper 
Escanilla/Ainsa 
36.5-33.9 67 59±3.1 
29.00-
196.33 
50.9±2.2 
[86] 
128±22 
[14] 
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When the age component analysis gives multiple age populations the P1 peak is used for the analysis 
(figures 4-3 & 4-4); the rest of the peaks are detailed in Table 4-3. P1 and Central ages are used to 
compare results from this study with signals from other studies in the Tremp and Pobla Basins and the 
catchment bedrock e.g. Fitzgerald et al., 1999; Sinclair et al., 2005; Metcalf et al., 2009; Beamud et 
al., 2010; Whitchurch et al., 2011, Rahl et al., 2011 and Filleaudeau et al., 2012. 
In order to convert lag time into erosion rates (figure 4-3) a very simple linear range of geothermal 
gradients was used for this study; between 30 to 20
o
C km
-1
 as shown in Figure 4-3. A surface 
temperature of 10
 o
C and the annealing zone at 120
o
C is assumed. This places the annealing zone at 
around 3.6 and 5.5 km respectively for the two models. Based on that calculation the exhumation rates 
were deduced. 
4.3.1.2 Interpretation 
The age data in table 4-1, from mixture modelling, are plotted against sample depositional age to 
identify any trends in exhumation. The rate of exhumation, transport and deposition may be 
constrained by these lag-time plots based on the age difference between youngest exhumation ages 
and sample deposition (Whitchurch et al., 2011) (Figure 4-3). Chapter 3 indicates that the Sis and 
Gurp/Pobla regions acted as feeder points for the Escanilla system. Thus, the apatite age distribution 
from these two systems acts as provenance signal for the whole of the Escanilla routing system. The 
provenance signal can be established from these regions based on measurements of central ages from 
this (Table 4-1) and previous studies in Pobla/Gurp and Sis (Beamud et al., 2010; Rahl et al., 2011). 
This signal is indicated in the grey shaded area in Figure 4-3 and includes all the central or P1 age 
components expected from these two feeder points. The blue open circles in this figure represent 
previously published data from Sis and Pobla/Gurp localities and the black dots the central ages or P1 
ages of the samples dated in this study. Central ages were used to summarise the sample age 
distribution, only when the component data belong to a single population; otherwise, P1 ages are used 
(§4.3.1.1). Figure 4-3 shows only the better quality data from this study where the individual age 
distribution is based on > 20 grains cut off criterion.  
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Figure 4-4: All fission track data produced by this study for each locality which are also presented in Tables 4-1. 4-2 and 4-3. The grey shaded area, as in 
Figure 4-3, represents the provenance signal of the Sis and Gurp palaeovalleys. The grey points show all samples. The red dots represent the better quality 
data from each locality and the green dots poorer quality samples (fewer grain ages), 
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On the other hand, Figure 4-4 shows all the central ages/P1 ages from the 5 localities. The green dots 
represent central age data from sample with fewer dated apatite grains (Table 4-2). These data will not 
be used for the exhumation rates and are shown for comparative purposes only. Figure 4-3 
additionally shows the main thrust events associated with the exhumation of these rocks (explained in 
chapter 2 and §4.2.2) 
These figures show that samples dated from this study fall into the shaded provenance polygon for the 
two feeder systems. It is therefore likely that these apatite central or P1 ages reinforce the relationship 
of Gurp and Sis as feeder points for the depositional sinks of Tremp-Graus and Ainsa.  
The few samples in both Figure 4-3 and Figure 4-4 that do not fall into this shaded provenance area, 
especially for intervals 1 and 2, include some very old central ages. Such old age components have 
also been detected in previous studies (Beamud et al., 2010; Rahl et al., 2011), usually as secondary 
age components and have not been regarded as the main, dominant provenance signal. These old ages 
could be either evidence of recycled local sedimentary cover rock or they are from the Axial Zone of 
the Pyrenees. 
Finally, some have questioned if samples with shortest time lags represent source exhumation. An 
alternative explanation is that following deposition, the samples have been subject to burial-related 
heating that has caused partial resetting of the fission tracks (e.g. Beamud et al., 2010). To learn more 
about the origin of these age components, and to test whether the samples have been modified by 
post-depositional fission track annealing, the best quality data were used to define sample thermal 
histories (§ 4.3.2). 
4.3.2 Apatite Track lengths and ages: thermal modelling results 
The Dpar values (track etch pit size as an indicator of apatite composition and annealing sensitivity) 
and confined track lengths together with the age components were used as input data to model sample 
thermal history. The Hefty software, (Ketcham, 2005), generates temperature/time paths that predict 
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track and length values that are compared to the measured data. The degree of match to the measured 
data is used to obtain probable thermal histories that most likely produced the observed data. 
Each modelling run constitutes of 100 good fit paths that honour the observations to visualize the 
exhumation histories of these rock samples (common practice in similar studies, for example Beamud 
et al., 2010; Rahl et al., 2011; Filleaudeau et al., 2012). The constraints in these model runs are 
minimal, allowing the programme to explore as much of the time/temperature space as possible. 
However, the program allows the user to insert fields of time and temperature in the model to make 
the run easier and the ‘fields’ used in most runs are: 1) the first field spanned from 100 Ma to the 
depositional age and from 200°C to 0
o
C, to allow the programme to run freely even though this will 
produce segments of the time-temperature paths above the 120
o
C resetting temperature of apatite 
(Gallagher, 1995; Rahl et al., 2011). 2) The depositional age is the second constraint used in the 
model, forcing cooling to surface temperatures. 3) The third time-temperature box ‘field’ was kept 
large, spanning from the depositional age to the present day, allowing flexibility to plot temperatures 
between 0 and 200°C. 
Primarily the forward modelling of apatite samples aimed on understanding the possible time 
temperature pathways of the catchment regions that sourced the Escanilla system from the Central 
Pyrenees. In addition, the thermal history and modelling tries to answer the question of the 
provenance of the oldest grain ages recorded and whether the younger central ages reflect partial 
resetting by significant (kilometre-scale) post-depositional burial.  
 Figure 4-5 shows the result of thermal history modelling using the Hefty program (Ketcham 2005). 
Only 9 out of the 23 samples had enough track length data from the single age populations to attempt 
modelling. The cut off used was 30 measured track lengths which although on the low side is enough 
to give a rough indication of thermal history. 
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Figure 4-5: the results of forward modelling of our samples, numbered samples on the lag time plot on the left show the distribution of the samples modelled 
and the result on the right of this panel. The panels on the right are all the temperature versus time paths with y axis from 0 to 200 
o
C and in the x axis from 
100 to 0 Myrs, only sample 3 on the figure has x axis from 200 to 0 Myrs.These panels indicate a monotonous exhumation from the apatite annealing zone to 
the surface. It shows that these samples have not been recycled and re deposited, from underlying Tertiary or Palaeocene units. All the samples experience a 
post depositional burial but not enough to reset the samples. 
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Figure 4-6: These histograms present track lengths from each of the nine samples modelled. Each number corresponds to the same number point in figure4-5. 
In addition the data are shown for both the number of grains dated and the number of lengths. From these data we see that all the samples have relatively 
long track lengths which is an additional indication that these samples have not been reset and the ages reported are associated with Pyrenean exhumation 
rates. 
  Michael, 2013 
105 
It can be seen that all samples with old central ages (relative to the depositional ages: 60-90 Ma) 
record monotonic exhumation to surface by 40-34 Ma. There is no evidence of previous exhumation 
and re-deposition. These samples do not fit with recycled sources as they have been fully reset by the 
Pyrenean orogeny, exhumed and deposited at the depositional age of these samples, hence, they 
record Pyrenean related exhumation. This is evidence that most of the sediment deposited along the 
sedimentary fairway was sourced from the Pyrenean wedge. The oldest central ages of around 90 Ma 
record long-term residence in the uppermost crust (< 2-3 km). Sample number 4 on this graph records 
a central age of around 80 Ma, which has been linked to the onset of Pyrenean convergence and 
suggests initiation of slow exhumation at, or close to, this time. Such a history would fit with erosion 
of cover rocks along the Axial Zone. Previous thermochronometric studies have not detected Late 
Cretaceous apatite central ages, possibly due to the scarcity of these old apatites, but this might also 
be due to the sampling strategy of previous studies, which have focused on samples from granitic 
cobbles to capture the exhumation history of the granitic massifs north of Pobla and Sis, instead of the 
matrix sand or sandstone samples, which record all of the sources. 
The other aspect to consider from the modelling results is whether the very young detrital ages, with 
very short lag times, have been partially reset, i.e. they are young because of post-exhumation reburial 
Result from the thermal modelling the results for sample numbers 1, 2 and 8 in Figures 4-5 (young 
central ages) show very rapid cooling close to the time of deposition, consistent with short lag times. 
Thermal history modelling does allow for minor post-depositional burial but none of the models show 
enough reburial to cause resetting. Had this been the case, mean track lengths would not have been as 
long as those observed (> 13.5 µm), not the central ages as old as those recorded here. 
4.4 Discussion 
4.4.1 Implications for catchment erosion rates 
This study captured a wider range of exhumation rates than previously reported in literature. Although 
the numbers of grain ages are less than ideal, the datasets are better than previous studies. The data 
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record a wide range of exhumation rates in the catchment regions, common to modern environments 
(Whittaker et al., 2009; Anderson & Anderson 2011).  
 
Figure 4-7: Exhumation histories of the catchment regions, modified from Beamud et al. (2010). This 
figure summarises the findings from the apatite fission track analysis and provides details of the 
exhumation rates for the time intervals 1, 2, 3 and Antist/Collegats. Catchments in time interval 1 
experience broad exhumation rates from 0.05 to 1.5 mm/yr; interval 2 from 0.05 to 0.8 mm/yr; 
interval 3 from 0.15 to 1 mm/yr. The Oligocene Antist experience exhumation rates ranging from 0.15 
to 1.2 mm/yr. 
 
As seen in § 4.3.1 the simple geothermal gradient model is also used in order to make a first order 
estimation of the erosion rates in these catchments. Figure 4-7 shows details of the exhumation history 
of the catchment regions of the Pyrenees that fed the Escanilla routing system.  The very high 
exhumation rates in time interval 1 have been enhanced by movements of the Orri unit with similar 
exhumation rates in time interval 2 (0.8 to 0.1 mm/yr) and higher exhumation rates in interval 3 (1 to 
0.25 mm/yr). In the early Oligocene (Antist Group) the exhumation ranged from 2 to 0.15 mm/yr.  
4.4.2 Preliminary sediment discharge calculations 
The provenance data from this study (Chapter 3) indicate a catchment expansion for Sis palaeo-
catchments from interval 1 to intervals 2 and 3. In interval 1, provenance signals indicate sourcing 
mainly from Hercynian granites in close proximity to the Sis palaeovalley. In interval 2, an 
introduction of epidote-rich samples indicates erosion of metamorphic lithologies in the catchment 
regions of the Escanilla system. In interval 3, U/Pb signals indicate erosion of pre-Hercynian granites 
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in the catchment regions from massifs located close to today’s Pyrenean drainage divide. Interval 2 is 
interpreted, therefore, to be a transition period between intervals 1 to 3.  
To incorporate new lithologies as clasts in interval 2 and 3 may have led to a doubling of catchment 
dimensions from intervals 1 (1000 km
2 
for each catchment) to 3 (around 2000 km
2
 for each 
catchment) (Figure 3-15). In addition, the catchment sizes can be approximated using Hovius (1996) 
spacing ratio L/W=2 (length and width of the catchment regions) since the lateral spacing of 
catchment outlets can be mapped as ~30 km. The catchment length from the outlet position to the 
main Pyrenean drainage divide can also be approximated as 60 km, giving an aspect ratio of 2, in 
harmony with Hovius (1996) linear spacing ratio. As a rough guide therefore, the combined areas of 
the Sis and Gurp-Pobla catchments is likely to have been 4000 km
2 
or approximately 2000km
2 
for 
each catchment. 
Table 4-4: Estimates of sediment discharges provided by catchment regions that sourced the Sis and 
Gur-Pobla feeder systems. Values are the combined total for the two main catchments. 
Catchment dimensions Erosion Rate mm yr
-1
 Discharge km
3
 Myr
-1
 
Interval 1 Min 0.05 100 
2000 km
2
 Max 1.5 3000 
Interval 2 & 3 Min 0.05 200 
4000 km
2
 Max 1 4000 
 
To calculate the preliminary sediment flux derived from catchment denudation rates (Table 4-4) 
certain assumptions are made: a) intervals 2 and 3 had approximately the same dimensions; b) the 
catchment feeding sediment to the Gurp-Pobla system has experienced a similar history of expansion 
to the Sis palaeovalley. 
Based on the denudation histories and interpreted dimensions of the catchment regions for the three 
time intervals, the sediment discharge that sourced the Escanilla system ranges from 100 to 3000 km
3
 
Myr
-1
 in interval 1 and from 200 to 4000 km
3
 Myr
-1
 in interval 3. 
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4.5 Conclusions 
This chapter presents new detrital apatite fission track analyses from the mid-upper Eocene of the 
South-Central Spanish Pyrenees. Data are extracted from detrital samples in the basin-fill and are used 
to explore the exhumation histories of the source areas of the system located in the Axial Zone of the 
Central Pyrenees. A range of erosion rates can be observed from this study in the catchment regions 
from very rapid (1mm yr
-1
) to low exhumation rates (0.05 mm yr
-1
).  
This wide range of exhumation rates is associated with the complex tectonic history of the Pyrenees. 
During the deposition of the Escanilla formation, the orogen experienced both rapid and tectonically 
induced exhumation in some places (related to the emplacement of the Orri thrust unit) and very low 
exhumation. Old apatite central ages of 70-90 Ma are recorded in this study and we interpret them to 
be part of the cover layer signal of the Pyrenees.  
The detrital apatite fission track data reinforces the hypothesis that the Gurp-Pobla and Sis 
palaeovalleys acted as source regions for the Tremp-Graus and Ainsa depozones (Lascuarre, Viacamp 
and Ainsa localities). The provenance signal from these two feeder points propagates into the 
depositional sinks. These catchments experienced a wide range of exhumation rates throughout the 
Eocene from 1.5 mm yr
-1
 to 0.05 mm yr
-1
, as is very common in modern geomorphologic settings 
(Stock, et al., 2011; Whittaker et al., 2009; Anderson & Anderson 2011). Catchments experienced 
rates from 0.05 to 1.5 mm yr
-1
 in time interval 1, from 0.05 to 0.8 mm yr
-1
 in time interval 2, from 
0.15 to 1 mm yr
-1
 in time interval 3, and catchments experienced exhumation rates from 0.15 to 1.2 
mm yr
-1
 during the deposition of the Oligocene Antist/Collegats. 
A combination of catchment dimensions and exhumation rates, yields preliminary estimates of 
sediment discharge per Myr. The likely sediment discharges from catchments in the Central Pyrenees 
that sourced the Escanilla system, range from 100 to 3000 km
3
 Myr-1 in interval 1 and from 200 to 
4000 km
3
 Myr-1 in intervals 2 & 3. 
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5.1 Introduction 
In the depositional part of a sediment routing system, undergoing tectonic subsidence, mass is 
extracted from the surface sediment discharge as a depositional flux (Fedele & Paola, 2007; Paola et 
al., 2009; Duller et al., 2010; Paola & Martin, 2012) until the sediment supply is exhausted at the 
down-system termination of the system (Allen et al., 2013). Over geological time, depending on the 
available accommodation and position of base-level, this depositional flux is locked into stratigraphy 
(Allen, 2008; Allen & Heller, 2012; Paola & Martin, 2012; Allen et al., 2013). The total volume of 
sediment deposited in the sediment routing system and the spatial extent of its footprint, or ‘fairway’, 
provides the basis for a sediment budget. Sediment budgets allow a connection to be made between 
hinterland erosion and basin filling, but also potentially explain the downstream evolution of 
stratigraphic architectures, facies and grain-size. Laboratory experiments (Toro-Escobar et al., 1996; 
Fedele & Paola, 2007; Strong et al., 2005; Paola et al., 2009; Rohais et al., 2011; Paola & Martin, 
2012) numerical models (Allen & Densmore, 2000; Densmore et al., 2007; Duller et al., 2010; 
Armitage et al., 2011; Jerolmack & Brzinski, 2011; Allen et al., 2013) and field studies (Duller et al., 
                                                     
2
 A slightly modified version of this chapter has been submitted for publication to Bulletin of the Geological 
Society of America, entitled ‘Volumetric budget and evolution of the Escanilla palaeo-sediment routing system, 
Eocene of the southern Pyrenees, Spain’, by Michael, N., Allen, P.A. and Whittaker, A.C.  
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2010; Whittaker et al., 2011; Parsons et al., 2012) have concluded that the main controls on 
stratigraphic architectural trends in continental basins are: 1) the sediment supply to the basin, which 
Allen et al. (2013) referred to as the ‘Qs problem’, 2) the characteristic grain-size mix of this 
sediment, 3) the spatial distribution of subsidence and base-level changes controlling accommodation 
and 4) hydraulic parameters and sedimentary processes in the basin. One of the most important 
aspects underpinning the sediment routing system concept and aiding downstream stratigraphic 
prediction is therefore the volumetric or mass sediment budget.  
In order to quantitatively understand a sedimentary system, it is necessary to map the fairway from 
source to sink, aided by provenance and palaeocurrent analysis, and to evaluate how surface sediment 
discharges and depositional fluxes have changed in time and space, in response to climatic and 
tectonic driving mechanisms. Recent studies aimed at reconstruction of sedimentary budgets have 
used mainly subsurface data (seismic sections and well logs) (Brommer et al., 2009; Barnes & Heins, 
2009; Somme et al., 2009; Weltje & Brommer, 2011; Carvajal & Steel, 2011; Guillocheau et al., 
2012). These studies, however, do not capture the sediment budget based on the full length of the 
system from mountain catchments all the way to marine depositional sinks. Investigation of whole 
palaeo-systems invariably requires a combination of surface outcrop and subsurface data. 
A methodology is presented whereby a sediment budget can be evaluated in three steps: a) 
reconstruction of the palaeo-sediment routing system fairway using a variety of provenance tools (see 
Chapters 3 & 4); b) a sedimentological analysis of facies and down-system grain-size fractionation of 
the basin-fill from proximal regions to distal depozones; and c) a quantitative method to calculate a 
volumetric sediment budget using as input data both the extent and volume of the sediment routing 
system fairway. The first part of this chapter, present the sedimentological data, which serve as input 
parameters for the Escanilla volumetric models. In the second part, a detailed account of the 
methodology developed to constrain the surface discharges and depositional fluxes within the 
sediment budget, is given.  
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Figure 5-1: Map of the mid-late Eocene Escanilla sediment routing system fairway, southern Pyrenees, shown in blue with dashed boundary. The red and 
green lines represent logged sections; green lines represent data from this study and red lines log data from other published data and unpublished PhD thesis 
data. 
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Overall, the chapter shows how sedimentary signals from catchment regions (sediment supply and 
grain-size mix) are transformed during down-system propagation for 3 time intervals in the mid to late 
Eocene. 
5.2 Methodology 
In order to model the sediment routing system fairway and to calculate the sediment budget of this 
outcrop-based example, two elements are needed: a) sedimentological data and b) a sediment routing 
system fairway map (Chapter 3). From the sedimentological data, the thicknesses of sediment 
preserved as stratigraphy and the relative abundance of sedimentary facies can be measured. The 
fairway, on the other hand, provides the maximum width of the system at any point from proximal 
regions (Sis and Gurp palaeovalleys) to the distal depozones of Tremp, Ainsa and Jaca (Figure 5.1). 
The combination of the two elements allows cross-sectional areas to be calculated in each of the 
logged localities by using an isosceles trapezoid approximation for each time interval (Figure 5.2). 
This exercise is aiming to reconstruct and approximate the cross-sectional areas presented in chapter 3 
(Figure 3.14). The stacking together of cross-sectional areas with distance constitutes the volumetric 
profile of the system, and enables the evaluation of the sediment budget of the Escanilla system for 
three time intervals. 
The volumetric profile is recorded in terms of facies abundance at each station/locality, which 
provides an index of grain-size fractionation within the sediment routing system. The total budget of 
the system over a ca. 8 Myr period can be obtained by integrating the information for the three time 
intervals. 
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Figure 5-2: a) Isosceles trapezoid approximation for calculating the Escanilla Formation’s cross-
sectional area of the seen in figure 3.14 for each of the logged localities in figure 5.1. B and C) show 
the effects of miss-representation of the cross-sectional area depending on the width of the system in 
realtion to the thickness of the cross-sectional area and the possition of the logged section hL in 
relation to the boundaries. W is the half widh of the system, w is the distance of the log from the 
boundaries and therefore parameters a and b can be approximated as a function of W and w 
5.2.1 Sedimentological data 
5.2.1.1 Fluvial facies 
The sedimentological analysis tracks grain-size and facies abundance in each of the time intervals and 
at measuring D50 (median) and D84 (coarse tail) grain-size in the conglomeratic fractions of the logs 
(see Chapter 6 for results of grain-size study). In addition, the sedimentological data illustrate the 
evolution of depositional processes and environments through time. 
Sedimentary facies identified in the fluvial sedimentary rocks of the Escanilla sediment routing 
system are summarised in Table 5.1 and illustrated in Figures 5.3, 5.4 and 5.5. The stratigraphic 
sections of the Escanilla Formation are dominated by fluvial and alluvial fan depositional 
environments and facies in the Tremp and Ainsa basins, previously described by Atkinson (PhD 
thesis, 1983), Bentham et al.,  (1993, 1992), Vincent (2001) and Beamud et al. (2003, 2010).  
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Table 5-1: Sedimentary facies recognised in the field in the fluvial segment of the routing system and facies groups used in the sedimentological analysis and 
for the volumetric model. 
Facies groups Sedimentary facies facies code Facies descriptions 
Conglomerate 
Debris flow 
conglomerates and 
breccias 
Cd 
A big range of angular and sub-angular (breccias) and sub rounded clasts (debris) which are usually matrix 
supported and often very monomictic pointing to provenance from close by palaeohighs resembling gravity 
driven flows and flows perpendicular to the normal or prevailing palaeo-highs 
Channel-fill 
conglomeratic bars 
Cb 
Conglomeratic grain-size bars part of a single storey channel fill. Usually massive without clear sedimentary 
structures but also often imbricated and sometimes large scale cross-bedding can be observed. 
Conglomeratic 
sheet deposits 
Cs Conglomeratic sheets formed from multilateral and multi-storey stacked conglomeratic braid bars. 
Conglomeratic/peb
bly channel lags 
Cl 
Coarse grained channel lags of pebble and conglomeratic grain-size usually making either the core of a bar or at 
the bottom of channel fill deposits and serve as the traction carpet. 
Sandstones 
Sand-rich braid bars Sb 
Sandstone rich braid bars in association with other conglomeratic rich bars could be part of either a conglomeratic 
sheet, sandstone sheet or part of a single storey channel fill deposits. Usually the common sedimentary structures 
range from trough and tabular cross-bedding, parallel bedded and rippled lamination climbing rippled laminated. 
They can also be massive in case of extensive borrowing and bioturbation. 
Sheet sandstone  Ss 
Multilaterally stacked sandy braid bars creating a sandstone rich sheet, this in contrast to the crevasse splays is 
couple of meters thick usually and can be found as well vertically stacked creating an even thicker sandstone 
sheet. 
Sandstone levee 
and crevasse-splays 
Sl 
Usually thin laterally extensive sandstone sheets that were deposited on channel levees that are genetically related 
with channel fill and are wings of channel deposits. Usually they are finer grained than the channel fill and with 
sedimentary structures of parallel lamination, cross-bedding and rippled lamination. 
Channel fill 
sandstones/ribbons 
Sc 
Channelised sand grain-size bars that fill up a scoured and channel/ribbon like shape. Usually they are part of 
isolated bodies with a relative small width to thickness ratio. 
Laterally accreted 
sandy bar forms 
Sε Laterally accreted point bars associated with the characteristic Epsilon Cross-bedding of meandering rivers. 
Fines 
Overbank Siltstone Fs 
Overbank fines that have been deposited in an alluvial plain of both silt and mud grain-size. Usually associated 
with palleo-sol formation of purple, reddened, blue colours and white colours and associated with rootlets and 
caliches. Sedimentary structures are usually absent due to intense bioturbation and borrowing and soil formation 
but parallel bedding is often found in the coarsest end of this facies. 
Overbank 
Mudstones 
Fm 
Lacustrine 
Limestone 
Fl Medium to thick bedded greyish to white limestone units associated with lake deposits and absence of fossils. 
Crevasse splay 
fines 
Fcs 
Part of the Crevasse splay usually associated with channel deposits and the sandstone levee and crevasse splays 
and are part of the finer end of these deposits. 
Channel mud-plug 
deposits 
Fmp Fine grain-size deposits filling up channels. Associated with avulsion and abandonment of channels. 
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Figure 5-3: (A) mudstone/siltstone over-bank deposits, Viacamp, time interval 1, co-ordinates 0.627  
42.145, Log V1; (B) inter-channel mudstones/siltstones and very fine sandtones, overlain by fine to 
medium grained crevasse splay sandstones and conglomeratic channel-fills, Sis Palaeovalley, time 
interval 1, co-ordinates:0.615  42.377, Log A; (C) typical overbank floodplain horizons and soil 
development, Viacamp, time interval 1, co-ordinates 0.644  42.134, Log V4; (D) typical lacustrine 
limestones and mudstones, Lascuarre, time interval 1, co-ordinates 0.465  42.177, Log LAE. 
 
Sedimentary facies are assigned to lithofacies groups on the basis of their grain-size (Table 5.1) in 
order to simplify the facies scheme and to make it easier to use in the volumetric source to sink 
model. Debris-flow conglomerates and breccias, channel-fill conglomeratic bars, conglomeratic sheet 
deposits and conglomeratic/pebbly channel lags make up the conglomeratic facies group and 
comprise large proportions of the alluvial fans and proximal fluvial deposits in the Sis and Gurp-Pobla 
areas (Ramos & Sopeña, 1983; Vincent, 2001; Figure 5.3). Multilaterally stacked sand-rich braid bars, 
crevasse splays and levees, channelised sandstones and channel-fill sands, and laterally accreted 
sandy bar-forms make up the sandstone facies group and make up the bulk of the fluvial tract of the 
Tremp-Graus and Ainsa basins (Figure 5.4). The facies group of fine sediments (mudstones and 
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siltstones) consists of overbank fine-grained deposits and paleosols, very fine sandstone and siltstone 
lateral wings of river channel deposits, inter-channel floodplain siltstones and mudstones, channel 
mud-plug deposits and lacustrine mudstones/siltstones and limestones (Figure 5.5). It is preferentially 
found in the more distal areas of the Tremp-Graus and Ainsa basins. 
 
Figure 5-4: (A) interbedding of ribbon-like sandstones with overbank fines, Lascuarre, time interval 
1, co-ordinates 0.539  42.166; (B) overbank levee deposits alternating with crevasse splays 
sandstones and mudstones, overlain by channelised conglomeratic and sandstone-rich braid bars. 
Viacamp, time interval 1, co-ordinates 0.646 42.135, Log VL1; (C) typical epsilon cross-bedding and 
lateral accretion bar-forms in a mudstone-rich overbank setting, Viacamp, Montañana Group, co-
ordinates 0.667 42.14, Log V4; (D) Typical channel-fill facies scouring into underlying fine siltstones 
and mudstones, with channel gravel lag at the base and massive and cross-bedded sandstones at the 
top. Viacamp, time interval 1, co-ordinates 0.603  42.154, Log V2. 
 
The proportions of grain-size fractions in the coastal, shallow and deep marine deposits of the outer 
Ainsa and Jaca basins have been determined from logged sections in previously published papers and 
unpublished doctoral theses (below).  
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Figure 5-5: (A) & (B) Sheet-like conglomeratic bodies made up of multi-storey and multilaterally 
stacked conglomeratic braid-bars; A is from Gurp palaeovalley, time interval 3, co-ordinates 0.827 
42.238, Log G2; B is from Viacamp, time interval 1, co-ordinates  0.649 42.137, Log V4; (C) granule 
to pebble-rich braid-bars and channel lags overlying rippled cross-laminated channelised sandstones, 
Viacamp, time interval 2, co-ordinates 0.602 42.145, Log V1; (D) Multilateral stacked and 
channelised sandy conglomerates comprising sheets, overlying overbank siltstones and capped by fine 
sandstones and other overbank fines, Viacamp, time interval 1, co-ordinates 0.628 42.145, Log V2. 
 
5.2.1.2 Logged sections 
The logged sections acquired from this study were measured aiming to cover as much as possible of 
the sediment routing system fairway and of complementing the already existing sedimentological logs 
(Figure 5.1). Logs from Sis palaeovalley, come exclusively from Vincent (2001; PhD thesis, 1993). 
Logs from the Ainsa Basin were sourced from Bentham (PhD thesis, 1993) supplemented by one log 
collected during this study at Santa Maria de Buil, and those from the Jaca Basin are from Hogan & 
Burbank (1996), Turner (PhD thesis, 1992) and Jolley (PhD thesis, 1987). All logs from the Lascuarre 
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and Viacamp areas (7 logs) and Gurp area (6 logs) were measured as part of this study and an 
example is presented in Figure 5.6. 
 
Figure 5-6: Examples of composite sedimentary logs that served as the main input data for the 
volumetric budget model. These three examples come from Gurp (G2), Viacamp (V2) and Lascuarre 
(LAA1). The logs are subdivided into three time intervals. For each station/log the distance from the 
outlet of the source regions (x), the thickness of the preserved stratigraphy in each of the time 
intervals (hi) and the relative abundance of lithofacies based on grain-size (Fc, Fs and Ff) are 
measured 
 
In measured sections at log localities bed thickness, lithology, grain-size, sedimentary structures, 
conglomeratic clast lithology, palaeocurrent directions, dip and dip-direction were recorded (Tucker, 
2011; Collinson et al., 2006). The typical scale of logging was 1cm: 1m, since the objective was to 
capture broad facies relationships, grain-size and facies abundance in the stratigraphic sections in a 
200 km-long palaeo-sediment routing system.  
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The logs from the Gurp, Lascuarre and Viacamp stations were subdivided into 3 time intervals using 
the correlation scheme described in Chapter 3. At each station the thickness of the time interval h1, h2 
and h3 is recorded along with the abundance of the grain-size classes (Figure 5.6; Tables 5.2, 5.3 and 
5.4). All the logs and raw data can be found in the Appendix III. 
5.2.1.3 Input parameters 
Logged sections serve as the main input stations of the volumetric model. At each station the distance 
from source (x-coordinate) is measured using ArcGIS from the outlet points of the two main feeder 
points of Gurp-Pobla and Sis. The distance is measured down-system up to the first confluence point, 
located in Viacamp for intervals 1 and 2 and Lascuarre for Interval 3. The selection of confluence 
points is based on provenance data described in Chapter 3.  
At each station, a number of parameters were measured: (a) the width of the fairway as a 
perpendicular to the main palaeo-flow direction where W is the half-width, and position of the station 
relative to the edge of the fairway is denoted by w (Figure 5.2).  The error associated with these 
measurements is associated with uncertainty of the boundary of the sediment routing system fairway; 
(b) the thickness of the time interval (hi), where i is the number of time intervals; (c) the percentage of 
each grain-size fraction in the thickness hi is also calculated, where Fg, Fs and Ff are the grain-size 
fractions for conglomerate, sandstones and finer grain-sizes respectively. 
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Table 5-2: Input data for time interval 1. x is the distance from the source regions of Gurp-Pobla and Sis. W represents the half-width of the sediment routing 
system cross-section measured perpendicular to the palaeoflow, whereas w is the distance of the station from the edge of the sediment routing system fairway 
measured perpendicular to the palaeo-flow. hL is the thickness of the time interval in the logged section and Fc, Fs and Ff are fractions of conglomerate, 
sandstone and mudstone/siltstone plus limestone lithofacies respectively. Error indicates the estimated error on W and w. All the measurements are in metres 
apart from the grain-size fractions that do not have units. 
Log Name Beginning A B C E N O P Q V4 
Interval 1:  Sis Palaeovalley to Viacamp (Cornudella Fm and lower Sis to Lower Escanilla) 
x (m) 0 4000 6630 8500 10540 15000 15400 16400 17650 18250 36000 
W (m) 1 1 5650 6000 6650 6360 6360 6650 6285 5700 9900 
w (m) 1 1 3000 2800 4000 5800 5800 2000 4000 5000 5200 
hL(m) 0 0 12.5 29 30 71 175 90 200 200 82.5 
Fc 0 0 0.50 0.66 0.80 0.62 0.52 0.38 0.40 0.38 0.22 
Fs 0 0 0.50 0.34 0.17 0.35 0.48 0.62 0.60 0.62 0.26 
Ff 0 0 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.52 
Error 0 0 1000 1000 1000 1000 1000 1000 1000 1000 1000 
 
Log Name Beginning G1 G4 G6 G2 V4 
Time Interval 1: Gurp-Pobla fans to Viacamp (Montsor 1 to Lower 
Escanilla) 
x (m) 0 4000 10250 10450 16600 17000 36000 
W (m) 1 1 8000 8000 6500 6500 9900 
w (m) 1 1 2700 3725 1500 2150 5200 
hL(m) 0 0 90 65 99 162 82.5 
Fc 0 0 0.56 0.26 0.27 0.22 0.22 
Fs 0 0 0.06 0.06 0.07 0.00 0.26 
Ff 0 0 0.39 0.68 0.66 0.78 0.52 
Error 0 0 1000 1000 1000 1000 1000 
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Name V1 V2 LAADC LA1 LEF ALig AEri Aalm Amed AG HSOr HAMo HSal HSFe End 
Time Interval 1: Viacamp to Jaca ( Lower Escanilla to top of Hecho Group in Jaca basin and part of Arguis Marls)   
x (m) 36500 37800 46000 48700 50700 80200 82600 83000 87500 95200 123800 131350 165000 167000 207500 
W (m) 9750 9900 7500 8250 8600 9650 9500 9500 9300 6150 18300 17165 15780 15780 15780 
w (m) 3500 6000 6300 6500 5300 3000 5400 5500 5700 4000 7500 10100 9900 9900 9900 
hL(m) 107 76 117 124 81 363 195 215 451 115 322.5 167.5 275 1 1 
Fc 0.13 0.11 0.09 0.19 0.27 0.19 0.17 0.12 0.04 0.03 0.00 0.00 0.00 0.00 0.00 
Fs 0.29 0.24 0.21 0.23 0.10 0.26 0.49 0.47 0.51 0.33 0.40 0.00 0.00 0.00 0.00 
Ff 0.58 0.66 0.70 0.57 0.63 0.55 0.34 0.41 0.45 0.64 0.60 1.00 1.00 1.00 1.00 
Error 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 2000 2000 2000 2000 2000 
 
Table 5-3: Input data for time interval 2. x is the distance from the source regions of Gurp-Pobla and Sis. W represents the half-width of the sediment routing 
system cross-section measured perpendicular to the palaeoflow, whereas w is the distance of the station from the edge of the sediment routing system fairway 
measured perpendicular to the palaeo-flow. hL is the thickness of the time interval in the logged section and Fc, Fs and Ff are fractions of conglomerate, 
sandstone and mudstone/siltstone plus limestone lithofacies respectively. Error indicates the estimated error on W and w. All the measurements are in metres 
apart from the grain-size fractions that do not have units. 
Log 
Name Beginning A B C D E V4 
Time Interval 2: Sis fan to Viacamp (Sis1 Formation to Middle Escanilla) 
x (m) 0 4000 7500 8500 10540 13300 14900 35000 
W (m) 1 1 5650 6000 6650 7500 7500 9900 
w (m) 1 1 3000 2800 4500 5300 5300 5200 
hL(m) 0 0 10 27 149 360 215 54.75 
Fc 0.00 0.00 1.00 0.96 0.93 0.75 0.32 0.13 
Fs 0.00 0.00 0.00 0.04 0.07 0.25 0.57 0.35 
Ff 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.52 
Error 0 0 1000 1000 1000 1000 1000 1000 
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Log Name Beginning A B C D E V4 
Time Interval 2: Sis Palaeovalley to Viacamp (Sis2 Formation to Middle Escanilla) 
x (m) 0 4000 7500 8500 10220 13400 14500 35000 
W (m) 1 1 3500 4500 3000 3225 2550 9900 
w (m) 1 1 1700 1500 1300 1425 2075 5200 
hL(m) 0 0 80 60 70 120 30 54.75 
Fc 0.00 0.00 0.95 0.95 0.80 0.82 0.66 0.13 
Fs 0.00 0.00 0.05 0.05 0.15 0.18 0.33 0.35 
Ff 0.00 0.00 0.00 0.00 0.05 0.00 0.01 0.52 
Error 0 0 1000 1000 1000 1000 1000 1000 
 
Log Name Beginning G1 G4 G3 G6 G2 V4 
Time Interval 2: Gurp-Pobla palaeovalleys to Viacamp (Montsor 2 Fm to Middle Escanilla) 
x (m) 0 4000 10250 10450 13440 16620 17000 35000 
W (m) 1 1 8000 8000 8900 6500 6500 9900 
w (m) 1 1 2600 3600 3350 1500 2150 5200 
hL(m) 0 0 154 120 69 69 161 109.5 
Fc 0.00 0.00 0.97 0.56 0.74 0.36 0.45 0.13 
Fs 0.00 0.00 0.01 0.07 0.09 0.01 0.01 0.35 
Ff 0.00 0.00 0.02 0.38 0.17 0.62 0.55 0.52 
Error 0 0 1000 1000 1000 1000 1000 1000 
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Log 
Name V1 V2 LAADC LAA1 LEF ALig AEri Aalm Amed HSOr HAMo JSal JSFe End 
Time Interval 2: Viacamp to Jaca ( Middle Escanilla in Tremp and Ainsa basins to top of Arguis Marls and Deltaic Atarés Formation in Jaca 
basin) 
x (m) 36000 37800 46500 48900 50700 81500 84000 84400 85800 123800 131350 165000 167000 207500 
W (m) 9750 9900 7000 10000 8400 12000 11000 11000 10000 18300 17165 15780 15780 15780 
w (m) 3500 6000 6000 8000 5000 6000 7000 8350 9000 7500 10100 9900 9900 9900 
hL(m) 146 114 174 119 81 231 366 86 144 1015 975 525 1 1 
Fc 0.14 0.18 0.09 0.34 0.20 0.30 0.18 0.34 0.11 0.00 0.00 0.00 0.00 0.00 
Fs 0.37 0.39 0.26 0.24 0.15 0.26 0.49 0.34 0.46 0.22 0.14 0.29 0.00 0.00 
Ff 0.49 0.42 0.64 0.41 0.65 0.44 0.33 0.33 0.43 0.78 0.86 0.71 1.00 1.00 
Error 1000 1000 1000 1000 1000 1000 1000 1000 1000 2000 2000 2000 2000 2000 
 
Table 5-4: Input data for time interval 3. x is the distance from the source regions of Gurp-Pobla and Sis. W represents the half-width of the sediment routing 
system cross-section measured perpendicular to the palaeoflow, whereas w is the distance of the station from the edge of the sediment routing system fairway 
measured perpendicular to the palaeo-flow. hL is the thickness of the time interval in the logged section and Fc, Fs and Ff are fractions of conglomerate, 
sandstone and mudstone/siltstone plus limestone lithofacies respectively. Error indicates the estimated error on W and w. All the measurements are in metres 
apart from the grain-size fractions that do not have units. 
Log 
Name Beginning A B C L J G LAA1 
Time Interval 3: Sis Palaeovalley to Viacamp (Sis3 Formation to Upper Escanilla) 
x (m) 0 3000 6630 8500 10540 11360 13300 13900 48900 
W (m) 1 1 5650 6000 6650 6650 6500 6500 7600 
w (m) 1 1 3000 2800 4000 4800 6400 6400 4400 
hL(m) 0 0 275 170 110 35 90 90 22 
Fc 0 0 1 1 0.95 0.45 0.85 0.85 0.27 
Fs 0 0 0 0 0.05 0.5 0.1 0.1 0.23 
Ff 0 0 0 0 0 0.05 0.05 0.05 0.50 
Error 0 0 1000 1000 1000 1000 1000 1000 1000 
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Log 
Name Beginning A B C J G LAA1 
Time Interval 3: Sis Palaeovalley to Viacamp (Sis4 Formation to Upper Escanilla) 
x (m) 0 3000 6630 8500 10540 13300 13900 48900 
W (m) 1 1 5650 6000 6560 6500 6500 7600 
w (m) 1 1 3000 2800 4500 6400 6100 4400 
hL(m) 0 0 95 50 40 120 75 22 
Fc 0 0 1 1 0.85 1 1 0.27 
Fs 0 0 0 0 0.15 0 0 0.23 
Ff 0 0 0 0 0 0 0 0.5 
Error 0 0 1000 1000 1000 1000 1000 1000 
 
Log 
Name Beginning G1 G4 G5 G6 G2 LAA1 
Time Interval 3: Gurp-Pobla fans to Viacamp (Montsor 3 Fm to Upper Escanilla) 
x (m) 0 3000 10250 10450 11900 16600 17000 48900 
W (m) 1 1 8000 8000 7500 6500 6500 7600 
w (m) 1 1 2600 3550 1500 1500 1300 4400 
hL(m) 0 0 145 50 101 72 67 44 
Fc 0.00 0.00 0.95 0.56 0.95 1.00 0.91 0.27 
Fs 0.00 0.00 0.02 0.06 0.05 0.00 0.04 0.23 
Ff 0.00 0.00 0.03 0.38 0.00 0.00 0.04 0.50 
Error 0 0 1000 1000 1000 1000 1000 1000 
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Log 
Name ALig AEri JSOr HAMo JLPO JSJdP JSal HSFe End 
Time Interval 3: Viacamp to Jaca ( Upper Escanilla in Tremp and Ainsa basins to Lower Campodarbe Group in Jaca basin) 
x (m) 81400 83000 123800 131350 145000 158000 165000 167000 208500 
W (m) 9500 9500 16200 16750 16750 15130 15130 15130 15130 
w (m) 7500 7200 7950 10370 12840 8500 8600 8600 8600 
hL(m) 465 461 648 825 1000 1000 1183 588.0 1 
Fc 0.39 0.48 0.16 0.00 0.01 0.00 0.01 0.00 0.00 
Fs 0.32 0.38 0.19 0.38 0.29 0.15 0.42 0.35 0.00 
Ff 0.30 0.14 0.65 0.62 0.71 0.85 0.57 0.65 0.00 
Error 1000 1000 2000 2000 2000 2000 2000 2000 2000 
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5.2.2 Volumetric Modelling of the Escanilla System 
5.2.2.1 Modelling of cross-sectional areas, the volumetric profile and the sediment budget 
In order to constrain the volumetric sediment budget the sediment routing system fairway was 
mapped (Figure 5.1; 5-7; 3.14; 3.15). The fairway is the maximum width of the system based on 
existing maps, DEM’s, new field observations and publicly available seismic data. After constraining 
the sedimentary fairway, cross-sectional areas were calculated perpendicular to the palaeoflow 
direction using an isosceles trapezoid approximation (Figure 5.2; 5-7). The trapezium was used 
because (a) it is an easily implemented, simple geometrical shape, and (b) it closely approximates the 
cross-sectional geometry of the Escanilla deposits. The isosceles trapezium has an area given by: 
    [Eq. 5.1] 
Where hi is the thickness of deposits of each time interval 1, and a and b are the short and long lengths 
of the parallel sides. The length b is twice the half-width W. To calculate the length a, a line is drawn 
from the boundary of the fairway to the base of the cross-section at the location of the station, a 
distance w from the boundary. The angle subtended by the line and the side b is the same as the angle 
on the opposite side of the fairway since the trapezium is isosceles. Consequently, the cross-sectional 
area in terms of the three observables becomes 
   [Eq. 5.2]  
The cross-sectional area is also subdivided according to the relative abundance of grain-size classes 
Fc, Fs and Ff. The real fairway map is approximated using a simplification presented in figure 5-7 
with and the result of this approximation the volumetric profile for each of the three time intervals 
(figure 5-8). 
 

Ai 
hi ab 
2

Ai  hi 2W w 
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Figure 5-7: (a) Slightly simplified sketch of the mapped sediment routing system fairway for time interval 3, showing the main tributaries of Gurb-Pobla and 
Sis, supplemented by the Santa Orasia source in the eastern Jaca Basin. (b) The modelled sediment routing system fairway, with location of stations with 
vertical lines giving cross-sectional profiles. Stations are listed in Tables 5.2 to 5.4. 
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Figure 5-8: The volumetric profile (deposited volume as a function of down-system distance) 
subdivided according to grain-size fractions Fc, Fs and Ff. (a) Time interval 1; (b), Time interval 2; 
(c) Time interval 3. 
 
Cross-sectional areas are plotted against down-system distance x to generate ‘volumetric profiles’ 
(§5.4.1) by linear interpolation between stations (Figures 5-7; 5.8). The percentage of a grain-size 
fraction making up the stratigraphy as a function of down-system distance (Figure 5-9) shows the 
overall downstream fining over the 210 km length of the palaeo-sediment routing system. The total 
volumes occupied by each grain-size fraction give the total sediment grain-size mix and the total 
volume of sediment released by upstream catchments. Since sediment cascades from source to sink, 
the volumetric profiles also make possible the estimation of the depositional fluxes at each station and 
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the remaining surface flux. In this way, the transfer of surface sediment fluxes from station to station 
becomes evident (§5.4). 
 
Figure 5-9: Abundance of grain-size fractions as a percentage with distance from the main input 
source regions of Gurp-Pobla and Sis based on analysis of the logged sections: (a) Time interval 1; 
(b) Time interval 2; (c) Time interval 3. On this the position of the main confluence zone is marked 
and the location of the main basins and localities is shown. 
 
5.2.2.2 From Sediment budget to surface and depositional fluxes 
Constraining the total volumetric sediment budget allows the sediment supply from the catchment to 
be estimated, and therefore allows the connecting fluxes between stations and between sediment 
routing system compartments to be estimated for each of the time intervals. Two models are presented 
for time intervals 1 and 2, and 2 models are presented for time interval 3:  
Model 1 (time intervals 1 and 2): The two sole contributors of sediment for the sediment 
routing system are the Gurp-Pobla (Q1) and Sis (Q2) sources, with a confluence in the Viacamp 
region (x = 35-36 km), based on provenance data (Figure 5.10a).  
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Model 2 (time intervals 1 and 2): The Sis and Gurp-Pobla sources comprise the dominant 
supply but subsidiary down-system sources Q3 to Q7 occur at x = 40, 60, 80, 130 and 170 km. 
Each additional source contributes 10% of the total deposited volume of the segment in which 
it occurs (Figure 5.10b). These additional sources may represent palaeohighs related to thrust 
activity in the wedge-top region, such as the Montsec structure in the Tremp Basin. 
Model 3 (time interval 3): The Sis and Gurp-Pobla sources meet at a confluence at Lascuarre (x 
= 46 km), and a third source at Santa Orasia (Q3) joins the main sediment routing system at x = 
130 km (Figure 5.10c). The Santa Orasia source is assumed to be 20% of the deposited volume 
of the Jaca Basin, based on catchment reconstructions and sediment flux calculations of Teixell 
(1998). The Santa Orasia source was activated by uplift of the Western Pyrenees and 
contributed to the Lower Campodarbe Group in the Jaca Basin. 
Model 4 (time interval 3): The Sis and Gurp-Pobla sources comprise the dominant supply but 
important subsidiary down-system sources (Q3 to Q5) make up 10% of the total deposited 
volume of segments in the Tremp and Ainsa basins and 25% of the Jaca Basin segment via the 
Santa Orasia feeder system (Figure 5.10d). 
The general principle is that for each time interval the surface sediment flux available for deposition 
(Qx) is the total sediment deposited (VT) minus the cumulative deposited volume up to that point (Vx). 
Upstream of the main confluence zone, the contribution of each branch, Q1 and Q2 is calculated based 
on the relative contribution of that specific tributary to the deposited volume at the confluence. This is 
based on the observation that the grain-size trends and facies of the two main tributaries are very 
similar. Since regional grain-size trends in sedimentary basins depend on the interplay of sediment 
flux and spatial distribution of subsidence (Duller et al., 2010; Whittaker et al., 2011; Allen et al., 
2012), the two tributary systems should have a similar balance between sediment discharge and 
spatial distribution of accommodation. The deposited volumes of the two systems in the segments 
upstream of the confluence are therefore taken as an indicator of their relative volumetric 
contributions. 
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Figure 5-10: Models for the calculation of the sediment budget. (A) Model 1, time intervals 1 and 2. It 
is assumed that Sis (Q2) and Gurp-Pobla (Q1) are the sole sources for the sediment routing system, 
with a confluence at x = 35-36 km. (B) Model 2, time intervals 1 and 2. Additional sediment sources, 
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Q3 to Q7 are assumed along the sediment fairway with confluences at 40 km, 60 km, 80 km, 130 km 
and 170 km. These additional input points represent structurally active palaeo-highs (such as the 
Montsec). Subsidiary sources are assumed to contribute 10% of the deposited volume of the segment 
in which they occur. (C) Model 3, time interval 3. An additional source area (Q3, Santa Orasia) the 
Western Pyrenees is included. Sis and Gurp-Pobla are the main input source regions Q3 accounts for 
20% of the deposited sediment volume in the Jaca Basin, based on catchment reconstructions and 
sediment flux calculations from Teixell (1998). (D) Model 4, time interval 3. In addition to Santa 
Orasia (Q6), further additional sources in the Ainsa Basin and Tremp Basin (Q3,Q4 and Q5) are 
assumed. The Western Pyrenean source (Q5) contributes 25% of the deposited sediment volume in the 
Jaca Basin, and Q3 and Q4 contribute 10% of the deposited sediment volume of the segment in which 
they occur. 
 
5.2.2.3 Errors 
Errors in volumetric calculations derive principally from the mapping of the fairway. In the Tremp 
and Ainsa basins the fairway has been delimited confidently since the system is structurally confined 
by Montsec, Boixols, Turbon, Mediano and Boltaña structural culminations (Figure 5.1). An error of 
1000 m either side of the boundary of the fairway is estimated, equating to an allowable 2 km of error 
in delimiting the boundary of the system.  
In the Jaca Basin, however, the limits are more speculative (§ 3.2.3.1) and picked between the 
External and Internal Sierras. Estimates of fairway width (or half width W) are based on structural 
cross-sections and palinspastic reconstructions from Jolley (1987) (see Appendix I), Teixell (1998) 
and Turner (1992). However these estimates should be regarded as minimum estimates for the routing 
system and this big uncertainty is reflected in a 5000 m possible error in delimiting the fairway 
boundaries. The “maximum” width of the system (2xW+error) in the Jaca Basin should be regarded as 
a minimum estimate for the width of the Escanilla routing system (§ 3.2.3.1). 
Further errors derive from the isosceles trapezoid approximation for cross-sectional area (Figure 5.2). 
Based on seismic and structural cross-sections, this shape represents well the subsurface shape of the 
stratigraphic fill. Errors originate from the calculation of the basal width of the cross-section a, and 
become greater with the thickness of the time interval hi and with the distance of the station relative to 
the boundary of the fairway, w. Errors in the isosceles trapezoid approximation are likely to cause 
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underestimations of cross-sectional areas, but are unsystematic and difficult to quantify without 
precise subsurface imagery. 
Moreover, other smaller errors may originate from measurements of distance from the depositional 
sources and from measurement of the thickness of individual time intervals. Distances in the model 
and station locations have been measured using GIS and errors are very small. Most sedimentary logs 
were made at a 1m coarsest resolution, which translates at worst to a few metres error per 100 m of 
section. A 3% error on time interval thicknesses translates to a ca. 2% error in the final volumetric 
outcome. This error has been implemented in the final volumetric budget.  
Sedimentary logs recorded at stations give the exact representation as seen in a 1D section in the field. 
One of the big assumptions of the grain-size calculations is that these 1D logs are thought 
representative for the 2D cross-sections along which they lie, and that the proportions of sedimentary 
facies between stations in the 3D space is some linear interpolation between these “representative” 2D 
cross-sections. However, fluvial stratigraphy is commonly highly variable in three dimensions, so that 
1D logs are rarely truly representative of 2D cross-sections and 3D architecture (Reading, 1996; 
Collinson et al., 2006; Nichols, 2009). In order to alleviate this problem as many logged sections as 
possible were recorded, and variability was assessed between nearby sections. Nevertheless, it is clear 
that the percentages of grain-size fractions recorded from sedimentary logs at sample stations (Tables 
5.2 to 5.4) may not be representative of the 3D volume. Caution is therefore needed when plotting 
regional trends in grain-size fraction. The overall trend is more valuable rather than the exact 
percentage at each downsystem station, and there is no reason to believe that errors are systematic and 
likely to skew estimates of the global grain-size mix.Results 
5.2.3 Facies changes with distance along the sediment routing system 
The facies changes with down-system distance in the sediment routing system for the three time 
intervals is shown in Figure 5.9. The coarsest facies (Fc) are found close to the catchment regions and 
extend down-system for distances of 100-130 km, with a zone of rapid reduction in the percentage of 
Chapter 5 
134 
conglomerate (the gravel ‘cline’) at distances of 10-40 km from the source outlet. Sandy facies (Fs) 
extend to distances of 130-190 km. Fine-grained facies (Ff) increase in abundance down-system, 
comprising >50% of the stratigraphy of time intervals beyond x = 80-90 km, and >50% of time 
interval 3 beyond x = 120 km. There is a progressive progradation of coarse facies from time interval 
1 to time interval 3. 
5.2.4 Volumetric profiles 
The volumetric profiles for the three time intervals of the Escanilla routing system show the volumes 
occupied by the different grain-size classes as a function of downstream distance (Figure 5.8). From 
these profiles, the total sediment volume of the system, the cumulative volume with distance down-
system, and the connecting fluxes between routing system segments can be obtained. Comparison of 
the volumetric profiles for the three time intervals shows that the total volume preserved as 
stratigraphy increases from time interval 1 to time interval 2, and stays high in time interval 3. The 
rate of addition of stratigraphy changes from ~250 km
3
 Myr
-1
 for interval 1, to ~620 km
3
 Myr
-1
 for 
interval 2 and ~680 km
3
 Myr
-1
 for time interval 3. This trend suggests either tectonic uplift or more 
erosive climatic conditions in catchments serving as sediment sources. 
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5.2.5 Cumulative volume and grain-size fractionation with down-system distance 
 
Figure 5-11: a) Cumulative volume with down-system distance for Time intervals 1, 2 and 3. (b) The 
grain-size mix based on the entire sediment routing system for each time interval. The histograms give 
a good indication of the grain-size distribution supplied by erosion in mountain catchments. 
 
The volumetric profiles can be expressed as cumulative volume deposited in the down-system 
direction for the three time intervals (Figure 5.11). The cumulative curve is made by calculating in 
regular increments down-system the preserved volumetric budget up to that point all the way to the 
depositional length in the Jaca Basin at x = 210 km. In time interval 1, there is a steady accumulation 
of stratigraphy down-system to x = 165 km, followed by a plateau showing an exhaustion of the 
sediment supply, defining the depositional length Ld. In time interval, however, there is a rapid 
steepening of the cumulative volume curve, indicating substantial increase in accommodation, 
between x = 100-160 km, corresponding to the coastal and marine environments of the Ainsa and Jaca 
basins. The plateau indicating sediment exhaustion also occurs in the Jaca Basin at x = 160 km. Time 
interval 3 shows essentially the same trend, but with sediment volumes continuing to accumulate up 
to x = 210 km. 
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These trends can be compared with the volumes represented by different grain-size fractions (Figure 
5.11; Table 5.5). The change from time interval 1 to time interval 2 is marked by a slight increase in 
fine sediment (Ff) and slight fall in conglomeratic facies (Fc), whereas the change from time interval 2 
to time interval 3 is accompanied by a significant increase in gravel fraction (Fc) and reduction in 
fines (Ff). Caution is, however, required, since the percentage of fine facies in time interval 3 may 
partly reflect the fact that volumetric estimates are less certain in the Jaca Basin, and that fine 
sediment may have been deposited beyond x = 210 km. 
Table 5-5: Summary of sediment volumes for conglomeratic, sandstone and fine sediments for each 
time interval. 
Interval Time (Ma) Total volumes 
(km
3
) per Myr  
Fc (km
3
 Myr
-1
) Fs (km
3
 Myr
-1
) Ff (km
3
 
Myr
-1
) 
1 41.6-39.1 246 ± 20  19 57 170 
2 39.1-36.5 620 ± 48 29 134 456 
3 36.5-33.9 682 ± 61 87 188 407 
 
5.2.6 The depositional flux 
The depositional flux is the volume sequestered as stratigraphy per unit area of the sediment routing 
system fairway per time interval. It therefore has the units of a spatially and temporally averaged 
depositional velocity [LT
-1
]. It is calculated from the sediment volume deposited in each time interval 
over a 10 km-long section of the sediment routing fairway. When carried out over the entire sediment 
routing system, the trends in the depositional flux give a vivid illustration of the down-system 
translation of the locus of maximum sediment accumulation rate, which presumably mirrors the 
migration of a wave of tectonic subsidence (Figure 5.12). This pattern of migrating depositional flux 
is not due to inherited bathymetry, since in time interval 3 the whole system from the apex of the Sis 
and Gurp-Pobla systems to the depositional (210 km) is alluvial, whereas for intervals 1 and 2 at x > 
100 km the routing system is represented by deep marine to marginal marine environments. 
  Michael, 2013 
137 
 
Figure 5-12: : Deposited volume for each time interval calculated for 10 km-long sample bins, 
showing the down-system migration of depocentres. 
 
5.2.7 The surface sediment discharge 
Since the total volume of sediment deposited, and the break-down of sequestered sediment as a 
function of down-system distance are known, the down-system trend of the surface discharge can be 
calculated (see also Appendix III). Such trends for the total sediment and the conglomerate fraction 
(Figure 5.13) show the combined effects of increasing sediment sequestration leading to sediment 
exhaustion, and the impact of confluences that ‘reset’ the surface discharge. It is anticipated that 
increases in sediment discharge immediately downstream of confluences will have implications for 
sedimentary architectures, facies and grain-size (e.g. Best, 1988). It is important to note that the 
impact of subsidiary sediment sources in Model 2 (time intervals 1 and 2) and Model 4 (time interval 
3) is otherwise minor. 
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Figure 5-13: Total surface sediment discharge (Qs) and surface sediment discharge of gravel (Qg) 
through the sediment routing system in km
3
 Myr
-1
 as a function of down-system distance for models 1 
to 4. Models 1 and 2 apply to Time intervals 1 and 2, whereas Models 3 and 4 apply to Time interval 
3 only. (a) Time interval 1; the effect of the major confluence at x = 36 km is clearly seen in both 
models 1 and 2 by a doubling of the total surface sediment discharge and gravel discharge. The minor 
contributions from Q3 to Q6 in model 2 have a minor affect on the surface discharge. Total sediment 
is exhausted by x = 170 km, whereas gravel is exhausted by x = 85 km. (b) Time interval 2; the effect 
of the major confluence at x = 36 km is clearly seen in both models 1 and 2. The minor contributions 
from Q3 to Q6 in model 2 have a minor affect on the surface discharge. Total sediment is exhausted 
by x = 165 km, whereas gravel is exhausted by x = 85 km. (c) Time interval 3; The effects of the main 
confluence and the Santa Orasia source (Q5) are clearly seen in Models 3 and 4. In model 4, 
  Michael, 2013 
139 
subsidiary sediment sources are structurally related palaeo-highs. Total sediment is exhausted by x = 
210 km, and gravel is exhausted by x = 130 km. 
 
5.2.8 The Escanilla sediment budget 
The down-system evolution of the sediment budget potentially contains important clues to the forcing 
mechanisms for erosion, sediment transport and deposition, and helps to constrain erosion rates 
calculated from thermochronological methods. In addition, the fractionation by grain-size of the total 
sediment volume gives valuable information on the long-term (10
6
-10
7
 yr) grain-size distribution of 
sediment released from upland multi-lithologic catchments.  
The total volume deposited in the Escanilla palaeo-sediment routing system is 4000 km
3
, of which 
8.8% is conglomerate, 24.5% is sand-grade, and 66.7% is siltstones and finer. The catchments 
supplied on average 520 km
3
 of sediment per Myr. Assuming that the bulk of this sediment originated 
in the catchments of the Sis and Gurp-Pobla systems, the average physical denudation rate can be 
estimated if the catchment sizes are known. The catchment sizes can be approximated since the lateral 
spacing of catchment outlets can be mapped as ~30 km. The catchment length from the outlet position 
to the main Pyrenean drainage divide can also be approximated as 60 km, giving an aspect ratio of 2, 
in harmony with the compilation of Hovius (1996). As a rough guide therefore, the combined areas of 
the Sis and Gurp-Pobla catchments is likely to have been 3600 km
2
. The physical denudation rate is 
consequently ~0.15 mm yr
-1
, which closely matches estimates from thermochronological methods 
(Chapter 4).  
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Figure 5-14: Schematic plan-view reconstructions of the sediment budget. Shown in boxes are the 
sediment volumes sequestered in each segment. Numbers by arrows are the total surface sediment 
discharge available at the beginning of each segment (Sis, Viacamp, Lascuarre, Ainsa, Jaca). Panel 
below each map shows histograms of the grain-size mix in each segment. (a) Time interval 1; (b) 
Time interval 2; (c) Time interval 3. See text for discussion. Note catchment size change from interval 
1 to intervals 2 and 3. 
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During time interval 1 (Figure 5-14a), using Model 1, the combined surface flux of ~250 km
3
 Myr
-1 
was depleted by deposition in proximal alluvial and fan environments, leaving ~200 km
3
 Myr
-1
 
supplied to the fluvial, deltaic and slope environments of the Ainsa Basin, and ~130 km
3
 Myr
-1
 (about 
half) was exported to the deep-water Jaca Basin. During time interval 2 (Figure 5-14b), using Model 
1, the combined surface flux was ~620 km
3
 Myr
-1
; sequestration by deposition in proximal alluvial 
and fan environments in the Tremp-Graus Basin left ~560 km
3
 Myr
-1
 as a supply to the Ainsa Basin, 
and ~440 km
3
 Myr
-1
 (about 70%) was exported to the deep-water Jaca Basin, causing it to shallow. In 
time interval 3 (Figure 5-14c), using Model 3, a combined total of ~580 km
3
 Myr
-1
 was released from 
the Central Pyrenean catchments, and ~100 km
3
 Myr
-1
 is estimated to have been delivered from the 
western Pyrenees into the Jaca Basin. Deposition in the fan and alluvial environments of the Tremp 
Basin caused ~530 km
3
 Myr
-1
 to be supplied to the fluvial Ainsa Basin, and ~410 km
3
 Myr
-1
 (about 
70%) to the Jaca Basin. The eastern supply was joined by that of Santa Orasia, causing a deposition 
rate of >500 km
3
 Myr
-1
 in the now continental Jaca Basin. The shallowing up from the turbidites of 
the Hecho Group to the fluvial Lower Campodarbe Group can therefore be explained as a result of 
increasing sediment supplies relative to accommodation and evolution of Jaca basin to an 
intermountain basin. 
5.3 Discussion 
The evaluation of a sediment budget for the Escanilla palaeo-sediment routing system combined with 
an analysis of grain-size fractionation sheds light on the functioning of sediment routing systems 
generically and also contributes to an understanding of the Eocene evolution of the tectonically active 
foreland basin systems of the southern Pyrenees. In other words, the sediment routing system is a 
sensitive recorder of the climatic, tectonic and tectonic history of mountain belts and their forelands.  
The temporal evolution of the Escanilla sediment routing system is shown by the changes from time 
interval 1 to time interval 3, representing a period of 7.7 Myr in the mid- to late Eocene. Facies belts 
and grain-size fronts migrated axially from east to west over this period, allied to a westward 
migration of a wave of tectonic subsidence. This westward migration is undoubtedly linked to the 
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diachronous tectonic shortening of the Pyrenean orogen (Ardèvol et al., 2000; Verges et al., 2002; 
Costa et al., 2010; Whitchurch et al., 2011) 
During time interval 1, proximal conglomerates reduced in abundance down-system, but increased in 
abundance downstream of the major confluence between the Sis and Gurp-Pobla feeder systems. 
Consequently, sandstones then increase in abundance at the expense of conglomerate, particularly 
down-system of a gravel-front at x = 85 km, and beyond x = 130 km, conglomerate and sandstone are 
absent. This clearly shows the impact on stratigraphy and depositional environments of the down-
system exhaustion of a limited sediment supply. 
Time interval 2 witnesses a major increase (more than doubling) in sediment discharge from Pyrenean 
catchments, which must result from catchment expansion, climate deterioration, or tectonic 
rejuvenation. The fact that accommodation increased at the same time as sediment supply is a 
convincing argument that the driving mechanism was tectonic uplift in the central Pyrenees, dated at 
approximately 40 Ma. Proximal deposits comprise almost 100% conglomerate, with a rapid down-
system reduction in abundance, but once again, an increase immediately down-system from the main 
confluence. Interestingly, the gravel front appears to be pinned at x = 85 km, and stratigraphic 
thicknesses are low, together indicating intrabasinal tectonics associated with the Mediano structure. 
Sediment supplies were high enough to cause bypass of the continental basins and the delivery of 
large sediment volumes to the Jaca Basin, which shallowed up. 
Time interval 3 shows a continuation of the high sediment supplies of the previous time interval. The 
confluence continued to ‘reset’ gravel sequestration in stratigraphy, and the effect of the region of 
tectonic uplift can also be recognised. Facies belts and depocentres continued to migrate westwards, 
driven by the high sediment discharges, and large volumes were delivered to the Jaca Basin, so that 
the Basin shallowed up to continental environments.  
The sediment budget results have implications for the denudational history of contributing catchments 
(Table 5.6). The catchment physical erosion rates required are in the region of 0.05 mm yr
-1
 and 0.2 
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mm yr
-1
, with a big increase between intervals 1 to 2 and 3. These erosion rates can be compared to 
the exhumation rates derived from thermochronology (Chapter 4), but neglect the effect of the release 
of solutes due to chemical weathering. We therefore expect thermochronological estimates to be 
higher than the values calculated from the sediment budget. 
Table 5-6: Denudation rates of catchment regions supplying the Sis and Gurp/Pobla fanglomerates 
based on the calculated sediment discharges from the volumetric model. 
  
Sediment discharge 
 (km
3
 Myr
-1
) 
Mean erosion rates for catchments of ~2000 
km
2
 
Time interval Catchment Model 1 Model 2 Model 1 (mm yr
-1
) Model 2 (mm yr
-1
) 
1 Sis 105 105 0.05 0.05 
 Gurp 141 141 0.07 0.06 
2 Sis 344 344 0.17 0.15 
 Gurp 276 276 0.14 0.12 
3 Sis 329 304 0.16 0.15 
 Gurp 249 231 0.12 0.12 
 
5.4.1 Comparison of sediment budget with previous studies 
The Escanilla sediment routing system was supplied with average sediment supply of 550 km
3 
Myr
-1 
and a range from 250 to ~700 km
3 
Myr
-1
, over a total time period of 7.7 Myr. These numbers are 
comparable with worldwide compilations of expected sediment yields for the given catchment size of 
the Escanilla system (Milliman & Syvitski, 1992) which predict a yield of between 50 and 5000 
km
3
Myr
-1 
for catchments of few thousand km
2
. Sediment supply to the Tremp, Ainsa and Jaca basins 
is comparable with sediment yields of the Golo system, Sardinia (Somme et al., 2011), which has a 
similar catchment area to those that sourced the Escanilla system (few thousand km
2
). 
It is apparent from worldwide compilations (Milliman & Syvitski, 1992) that sediment yield is scaled 
with catchment area. The Escanilla palaeo-sediment routing system, and Pyrenean systems in general, 
have relatively small catchment areas defined by the width of the orogen and catchment spacing 
(Hovius, 1996), and consequently small sediment discharges. This is evident when compared with 
other systems where sediment budget work has been attempted. Examples can be drawn from the 
Washakie Basin, USA with reported sediment discharges ranging from 1400 to approximately 6000 
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km
3
Myr
-1
(Carvajal & Steel, 2012), the northern Apennine Basin, Italy with reported sediment 
discharges of ~ 10000 km
3
Myr
-1
(Brommer et al., 2009; Weltje & Brommer), the Central Andes, 
Bolivia, with discharges between 2400 and 30,000 km
3
Myr
-1
(Barnes & Heins 2009), the South 
African continental margin of Namibia, with rates between 4000 and 72,000 km
3
Myr
-1
(Guillocheau et 
al., 2012). In all of the above examples the catchment areas are a couple of orders of magnitude bigger 
than those suggested here for the Escanilla system. All these numbers however are dwarfed by 
estimations in southern Asia for the Cenozoic, with reported sediment yields from 0.5 x 10
6
to more 
than 1.5 x 10
6
km
3
Myr
-1
(Métivieret al., 1999). 
5.4 Conclusions 
Selective mass extraction from the surface sediment flux is the main mechanism for down-system 
fining both in modern and ancient sedimentary routing systems. Field observations, numerical 
modelling and laboratory experiments show that the main controls on stratigraphic architecture are: 1) 
the sediment supply to the basin; 2) the characteristic grain-size mix of this sediment; 3) the spatial 
distribution of subsidence and base-level changes controlling accommodation and 4) hydraulic 
parameters and sedimentary processes in the basin. Moreover, the volumetric budget exercise of this 
chapter allows factors 1) and 2) to be constrained for an observed proxy spatial distribution of 
subsidence in the form of deposited stratigraphic thicknesses. 
Cross-sectional areas of the palaeo-sediment routing system are calculated from the apices of 
sediment feeder systems to the depositional length. Thus, this allows the deposited volume as a 
function of down-system distance, and the cumulative volume with down-system distance, to be 
evaluated. Analysis of measured sedimentological sections provides information on the percentage of 
grain-size fractions, which can be compared with deposited volumes. In combination, the grain-size 
mix and volume of sediment supplied from source regions can be estimated for the three time 
intervals of the Escanilla palaeo-sediment routing system, which allows catchment-averaged erosion 
rates to be calculated and compared with thermochronological data. 
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In time interval 1, a total of ~250 km
3
 Myr
-1
 of sediment was deposited, fractionated into 19, 58 and 
170 km
3
 Myr
-1
 of conglomeratic (8%), sand-rich (23%), and fine grain-size (69%) related facies 
respectively. For time interval 2, a total of ~620 km
3
 Myr
-1
 was deposited, divided into 30, 140 and 
474 km
3
 Myr
-1
 for conglomeratic (5%), sandstone (22%) and fine (74%) grain-size fractions. 
Deposited volumes continued to increase in time interval 3, when a total of ca 680 km
3
 Myr
-1
 was 
deposited, divided into 90, 195 and 423 km
3
 Myr
-1 
for conglomeratic (13%), sand-rich (28%) and fine 
(60%) grain-size fractions. In total, therefore, the total volume deposited in the Escanilla palaeo-
sediment routing system was 4000 km
3
, of which 9% is conglomerate, 24% is sand-grade, and 67% is 
siltstones and finer. This is the ‘global’ grain-size mix of the sediment supply from the mountain 
catchments. It is noteworthy that although conglomerate and sandstone percentages increase with an 
increase in sediment discharge, from time interval 1 to time interval 3, the variability of grain-size 
fractions over ~8 Myr is not large. Importantly, this suggests that the lithological make-up of bedrock 
in the Pyrenean source regions was a major factor in controlling the grain-size distribution of 
sediment released. 
The total deposited sediment volume for the palaeo-sediment routing system allows the average 
physical erosion rate of the contributing catchments to be estimated. Assuming that the Sis and Gurp-
Pobla catchments did not change in size over the mid- to late Eocene time interval, and further 
assuming that the catchments extended up to the main Pyrenean drainage divide, the average erosion 
rates were in the range 0.05 to 0.2 mm yr
-1
. True rates of denudational lowering, with which 
thermochronological estimates might be compared, would have been higher due to the influence of 
chemical weathering and the release of solutes. In addition, the range quoted above is averaged over 8 
million years. Estimates rates of erosion based on bedrock thermochronology and assumed 
geothermal gradients (references and Chapter 4), are somewhat higher than the range 0.05-0.2 mm yr
-
1
, but there is a reasonable correspondence. The comparable rates calculated provide some vindication 
for the independent techniques used, as well as showing that the sediment budget of the Escanilla 
system can be accounted for realistically by the bulk of the sediment supply originating from the Sis 
and Gurp-Pobla catchments. 
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Sedimentary depocentres migrated over time westwards along the tectonic strike of a series of wedge-
top basins in the southern foreland of the orogen. This westwards diachroneity most likely reflected 
the westwards migration of tectonic activity in the obliquely closing orogen (Bentham et al., 1993; 
Dreyer et al., 1999; Whitchurch et al., 2011). Within the alluvial regime of the Tremp-Graus and 
south-eastern Ainsa Basin the deposited volumes depend on tectonically generated accommodation. 
However, beyond the coastal shelf of the Ainsa Basin, accumulated sediment volumes depend on the 
surface sediment fluxes from the up-system compartment. Over time, the estimated volumes of 
sediment fluxed to the initially deep water Jaca basin, as a fraction of the total volume of the sediment 
routing system, increased from ~50% (time interval 1) to ~70% in time intervals 2 and 3. The 
increasing volumes of sediment supplied to the Jaca basin in combination with the basin evolution 
caused it to shallow upwards from turbidites of the Hecho Group into the continental Lower 
Campodarbe Group. 
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6 Quantifying the effect of mass balance and sediment budgets on 
regional grain-size trends in the Escanilla Formation 
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6.1 Introduction 
This chapter quantifies how basin-wide grain-size trends within the Escanilla Formation are 
controlled by the effects of selective deposition and mass balance, using the volumetric framework 
presented in chapter 5. In addition, field and laboratory based hypotheses about the controls on 
stratigraphic architecture and grain-size fining are tested.  
In summary, a number of recent field-based and sub-surface studies, numerical models and physical 
experiments have focused on understanding and decoding regional grain-size trends (Allen & 
Densmore 2000; Toro-Escobar et al., 1996; Seal et al., 1997; Paola et al., 2000; Sheets et al., 2002; 
Fedele and Paola 2007; Densmore et al., 2007; Paola et al., 2009 Allen et al., 2012). These range 
from studies in ancient alluvial fan settings (Duller et al., 2010; Parsons et al., 2012) and gravel 
dominated environments (Whittaker et al., 2011) to analogue (e.g. Paola et al., 2009; Paola & Martin, 
2012) and numerical studies of grain-size fining (Fedele and Paola, 2007; Duller et al., 2010; Rohais, 
et al., 2011; Armitage et al., 2011; Allen et al., 2013). In this chapter, the ideas from these studies 
described in detail in chapter 1 are extended to a more complex regime where sand and fines (muds 
and silts) are also deposited (chapter 3 & 5). 
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The above research tends to agree that grain-size fining in a siliciclastic sediment routing system 
occurs due to the relative mobility of mass in the system, where the less mobile clasts are extracted 
first by a process of selective deposition (Paola et al., 1992; Toro-Escobar et al., 1996; Seal et al., 
1997; Sheets et al., 2002; Fedele & Paola 2007; Duller et al., 2010; Rohais, et al., 2011; Armitage et 
al., 2011; Paola & Martin, 2012). It has been shown that the observed rate of fining is too rapid to be 
explained by abrasion alone and that selective deposition must dominate (Toro-Escobar et al., 1996; 
Fedele & Paola, 2007; Duller et al., 2010). Consequently, downstream fining in fluvial long profiles 
depends on four key parameters: a) the input probability density function (pdf) of grain-size in the 
supply, b) the magnitude and rate of the sediment discharge from the catchment, c) the spatial 
distribution of subsidence and d) the topographic and hydraulic parameters that determine the 
mobility of the grains (Toro-Escobar et al., 1996; Seal et al., 1997; Sheets et al., 2002; Paola et al., 
2000; Fedele and Paola, 2007; Paola et al., 2009; Duller et al., 2010; Whittaker et al., 2011; Rohais, et 
al., 2011; Armitage et al., 2011; Allen et al., 2013). This chapter aims to study how the competing 
effects of sediment supply and accommodation generation (Duller et al., 2010; Whittaker et al., 2011; 
Parsons et al., 2012) drive grain-size fining in stratigraphy. 
Recent numerical modelling exploring these ideas has suggested that for a set basin shape, an increase 
in sediment supply results in slower downstream fining (Duller et al., 2010; Whittaker et al., 2011; 
Parsons et al., 2012). Sensitivity tests from these studies reveal that grain-size trends in depositional 
basins should be very sensitive in underfilled basins where there is little bypass of sediment (F<1 
where F is the relative ratio of sediment supply to accommodation space) (Figure 6-1). In contrast, 
systems with high values of F, as in overfilled basins, there is little difference between fining curves 
over a wide range of F (F > 3). 
Basin wavelength and amplitude are also very important in determining regional grain-size trends, 
through their impact on the spatial distribution of accommodation. In summary, basins with low 
amplitude and long wavelength, experience slower fining than basins that have higher amplitude and 
smaller wavelength for fixed sediment supply (Figures 1-2; 1-6 and 6-1). Finally, the pdf of grain-size 
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in the supply also affects the regional trends in grain-size. High variance in the grain-size of the 
supply causes a higher rate of grain-size fining since there is a wider range of sizes that can be 
‘sampled’ by selective deposition (Fedele & Paola, 2007; Duller et al., 2010; Whittaker et al., 2011). 
 
Figure 6-1: Grain-size fining curves based on the relative magnitude of sedimentary supply to the 
available accommodation space (F), after Duller et al., (2010) and Parsons et al., (2012). The higher 
the ratio, the lower the downstream fining rate. (a) Down-system fining resulting from variable Qs; 
(b) Down-system fining resulting from changes in accommodation. 
 
The volumetric and mass balance frameworks allow an examination of the interplay and balance 
between accommodation space and sediment supply (Duller et al., 2010; Paola & Martin 2012; Fedele 
& Paola 2007; Strong et al., 2005). By plotting against the volumetric framework, the effects of basin 
size and depositional sedimentary flux are explicitly incorporated. In other words by plotting and 
converting the x (down-system) co-ordinates to the volumetric co-ordinates we can compare 
volumetrically similar sedimentary units by accounting for any trends that may occur due to differing 
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down-system distances (figure 1-5). In addition, from this transformation, the cumulative sediment 
(Figure 5-11; Appendix IV, figure 9- 12) or grain-size fraction budget that has been deposited up to 
any point can be tracked and relate to facies and grain-size trends. The motivation for plotting grain-
size against the volumetric framework and cumulative depositional fluxes of each grain-size fraction 
comes directly from experimental and modelling studies that have demonstrated the first-order effect 
of mass-balance on grain-size distributions in sedimentary systems (e.g. Strong et al., 2005; Fedele & 
Paola 2007; Paola et al., 2009; Duller et al., 2010, Whittaker et al., 2011; Paola & Martin 2012).  
Strong et al., (2005) and Paola & Martin (2012) introduced the mass balance framework and χ(x) 
transformation. They argued that fluvial and deep marine sedimentary architectures and grain-size 
patterns are governed primarily by mass extraction due to selective deposition over geological 
timescales. In other words, for the same ratio of sediment supply to total accomodation space in any 
basin, the same facies assemblages and the same bulk grain-size characteristics are expected to be 
present, regardless of system length and spatial pattern of tectonic subsidence. This mass balance 
framework represents the cumulative deposited mass as a ratio to the total sediment supplied to the 
basin (Strong et al., 2005; Paola & Martin, 2012). Furthermore, they argue that extraction of certain 
grain-sizes by selective deposition provides a fundamental control on the availability of finer grain-
sizes downstream, thereby controlling fluvial style, fluvial environments and facies and fluvial 
stratigraphic architecture (Strong et al., 2005; Paola & Martin, 2012) (Figure 1-2; chapter 1 and § 
6.2). 
In this chapter measured conglomeratic grain-size, bulk averaged grain-size and grain-size fining rates 
are tracked along the sedimentary fairway from proximal to distal regions (chapter 2, 3) and tested as 
a function of (i) down-system distance; (ii) bulk and size-fraction depositional volume (chapter 5) and 
(iii) total and size fraction mass balance co-ordinate, χ and χf (c.f. Strong et al., 2005; Paola and 
Martin, 2012). These data are used to evaluate how grain-size trends record temporal and spatial 
changes in sediment supply, accommodation space and mass extraction by deposition. 
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6.2 Methodology 
Detailed grain-size and sedimentary facies data were compiled from direct field measurement and 
from the sedimentary logs in the study area (chapter 5). Field measurements of coarse fraction 
sediment calibre (> 2mm) were made on in situ outcrop localities in the conglomeratic facies 
(conglomeratic channel bars and/or sheets) within the fluvial succession of the Escanilla Formation 
for time intervals 1 to 3 (e.g. Figure 6-2). Grain-size measurements were obtained using the Wolman 
point count technique (Wolman, 1954) recently adapted in a number of terrestrial geologic settings 
(c.f. Whittaker et al., 2011, Parsons et al., 2012). Within each channel bar or channel bar complex or 
gravel sheet, one or two areas of 1m
2 
were sampled, and the long axes of >100 random clasts were 
measured. In addition, scaled photographs of grain-size were taken from the same channel bars for 
lab-based photo point counting using Adobe Photoshop. The aim of this exercise was to derive, for 
each locality, a statistically representative range of coarse fraction grain-size for each measured 
section (Duller, et al., 2010). Median grain-size (D50) and coarse fraction (D84) grain-size estimates 
were obtained from cumulative frequency diagrams of clast number with increasing grain-size (Figure 
6-3). Photo data and Wolman point data were combined to produce statistically large data sets as a 
function of down-system distance.  
To estimate errors on D50 and D84 selected field localities were measured repeatedly to assess the 
fluctuation in the estimated grain-size, following the methodology of Whittaker et al., (2011). From 
these repeat measurements (Figure 6-3) an error for D50 was estimated to be between 5 – 15 % with a 
mean value of ±10%, which is used for the subsequent plots. A conservative error of ± 15% is used 
for our estimates of D84 and a 15% error was also used for the facies averaged or bulk regional grain-
size to derive trends based on the geological errors in the facies proportions (§ 5.2.2.3) and errors in 
the measurement of D50. Therefore, quoted D50 and D84 measurements of conglomeratic grain-size, 
and their associated standard errors for each locality, plotted against down-system distance for each 
time interval, represent the combined measurements of sediment calibre from 300 to 400 clasts 
measured both in the field and from photo analysis. 
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Figure 6-2: Examples of point count grain-size analysis in gravel beds. Grain-size data were acquired 
both in the field by measuring in each locality 2x1m
2
 areas on gravel rich beds of 100 randomly 
selected clasts in a grid and 2x scaled photographs measured in Adobe Photoshop. These 4 localities 
are taken from A) Gurp (feeder point) to the proximal depozones of B) Viacamp and C) Lascuarre all 
the way to D) the Ainsa basin for Intervals 1 and 2.  Similar pictures were used for photo point 
counting. 
 
Figure 6-3: Measurement of errors on the D50 and D84 values from conglomeratic bars were derived 
by comparing estimates of sediment calibre from repeat grain-size counts on the same outcrop (mm). 
Errors are reported both for D50 and D84 following the methodology of Whittaker et al., 2011. 
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Field grain-size data derived from Wolman point count techniques necessarily focuses on coarser 
grain-size fractions coarser than 2 mm in size within the conglomeratic units. Consequently, to 
calculate the bulk grain-size trends within the Escanilla system, litho-facies trends derived from logs 
(Figure 5-8) were combined with the Wolman point count data, above. Although we have good 
constraints on how the percentage of conglomerate, sands and muds evolves down-system within the 
Escanilla Formation, we do not have accurate constraints on how the precise median grain-size within 
sandstone and fine fractions varies down-system. A simplification was therefore used and a single 
‘representative’ grain-size value for sands (0.5 mm) and fines (0.0156 mm) was implemented. The 
median facies-average grain-size, Dfa, measured in millimetres at any point downsystem, x, is given 
by  
                                                     (Eq. 6.1) 
where D50(x) is the median grain-size of the conglomeratic fraction at any point x and Fc(x), Fs(x) and 
Ff(x) are the conglomeratic, sandstone and fine fraction abundance respectively, as a function of 
down-system distance, x, derived from the litho-facies panels in chapter 5. Down-system grain-size 
trends for D50 for the three timelines within the Escanilla system are derived from Wolman point 
counting data and using an exponential function of the form: 
 D50(x) = D0e
-αx     
                       (Eq. 6.2) 
where D0 is the predicted input grain-size in the system, α is the fining exponent. This approach was 
taken following previously published work (e.g. Robinson and Slingerland, 1998, Hoey and Bluck, 
1999), because there are good theoretical reasons for selective depositional systems producing 
exponential fining downstream (cf. Sternberg, 1875; Paola et al., 1992; Fedele and Paola, 2007) and 
because it generally fits the data well. In each case, the standard error on the coefficient and exponent 
is determined to evaluate explicitly whether successive grain-size trends are statistically 
distinguishable.  
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As well as recording grain-size fining as a function of down-system distance, there is an interest in 
determining the evolution of facies fractions and grain-sizes in the Escanilla system within a 
volumetric- and mass-balance framework based on the latest theoretical advances outlined above. The 
volumetric framework consists of the total sediment budget of the system and the cumulative 
depositional volume at any point downstream, which was derived in chapter 5. The cumulative 
depositional volume can also be subdivided into conglomeratic, sandstone and fine fractions (chapter 
5; figure 9-12, Appendix IV). To compare systems that are volumetrically different and to understand 
the effects of the interplay between the available sediment supply and the spatial distribution of 
subsidence on basin-wide trends in sediment calibre, the volumetric framework can be further 
transformed into a mass balance framework following the work of Strong et al., (2005) and Paola & 
Martin (2012). The idea of the mass balance framework, often referred to as the χ transformation (c.f. 
Paola & Martin, 2012), is to replace downstream distance x along the transport path with the 
(dimensionless) fraction χ of the supplied sediment flux lost to deposition up to that distance down-
system. Consequently, to transform the volumetric and x direction co-ordinates into a mass balance 
co-ordinate χ for any downstream distance, the cumulative depositional volume of sediment, Qdep at 
that point is divided by the total depositional volume of the system Qtot i.e.  
      
 
    
        
 
 
             (Eq. 6.3) 
In an analogous way to Eq. 6.3, mass balance frameworks for the three grain-size litho-facies budget 
fractions can be created (for conglomerate, sandstone and fines) by dividing the cumulative deposited 
volume of that litho-facies Qfdep  at a specific downstream point by the total sedimentary budget of 
that litho-facies Qftot: i.e.: 
       
 
     
         
 
 
            (Eq. 6.4) 
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6.3 Results 
6.3.1 Conglomeratic and regional grain-size trends 
A standard way to present gravel grain-size data is to plot the median grain-size, D50 and 84
th
 
percentile grain-size (D84), against distance to show the evolution of ‘average’ and coarse fraction 
grain-size within the gravel beds as a function of down-system distance. In figure 6-4 the grain-size 
data are presented for the Escanilla system in the Tremp-Graus and Ainsa basins for the three 
intervals. The fining trends suggest an initial input grain-size of 90 - 100 mm for D84 and around 37- 
42 mm for D50 for all the three time intervals (Table 6-1). The data suggests that the spread in grain-
size measured by the ratio of D84 to D50, and the mean ‘input’ grain-size of any conglomerate present 
does not vary significantly between the three time intervals. 
Table 6-1:Summary of the fining parameters and initial grain-sizes for the three intervals for median 
and 84
th
 percentile grain-size in figure 6-4 
 D500 (mm) α(50)  (m
-1
) D840  (mm) α(84)   (m
-1
) 
Interval 1  42.5 ± 4.5   -1.32*10
-5
±4*10
-6
 99.7± 12.8 -1.48*10
-5
±4.1*10
-6
 
Interval 2 39.2±4.4  -1.41*10
-5
±4.7*10
-6
 93.6 ± 10.9  -1.4*10
-5
±5.2*10
-6
 
Interval 3 37.3±5.1  -1.25*10
-5
±7.4*10
-6
  91.4± 11  -1.211*10
-5
±6.4*10
-6
 
 
Apart from the initial grain-size, which is very similar, the fining parameters in all three intervals in 
the Escanilla system are also similar, with the negative exponential fining parameter (Eq. 6.2), α = 1.2 
– 1.4 x 10-5 m-1 for both D84 to D50. These very low fining rates are almost constant throughout the 
depositional history of the Escanilla sediment routing system (Bartonian Priabonian) and at least 
throughout the Tremp-Graus and Ainsa basins.  
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Figure 6-4: Grain-size trends of conglomeratic bars in the stratigraphic record of the Escanilla 
Formation and divided into 3 time intervals. We plot both D50 and D84 against distance in km. The 
exponential grain-size fining trends are also plotted for each time interval with dashed line for the D84 
trends and solid line for the D50 grain-size.  
 
Comparing these trends with other studies in the Pyrenees, these low grain-size fining rates are an 
order of magnitude smaller than those of the time-equivalent 40 Ma Montsor succession of the 
neighbouring Pobla basin, documented by Whittaker et al., (2011), who obtained grain-size 
exponential fining parameters of α = 1 – 2 x 10-4 m-1 for the fluvial dominated fanglomerates of this 
confined wedge-top basin, which had a similar input grain-size, but in which Qs was only just enough 
to fill the accommodation space available. In contrast, the Escanilla values are extremely similar to 
the fining rates Whittaker et al., derived for the post 35 Ma upper Eocene and Oligocene (Antist) 
conglomerates in the Gurp region, where the authors obtained an exponential fining parameter of 2 – 
3 x 10
-5
 m
-1
 for a system with similar input grain-sizes which was over-supplied with sediment by a 
factor of 2-5. 
Low rates of grain-size fining have been interpreted to reflect high rates of sediment supply, Qs 
relative to the accommodation space available, and therefore larger numbers of F (c.f. Duller et al., 
2010 and Figure 1 in Parsons et al., 2012). In that sense, these data strongly support these findings 
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because the total volume of sediment deposited in the first 80 km of the terrestrial routing system 
documented here is ~80 km
3
 for all three time intervals (c.f. Chapter 5), which contrasts with a total 
depositional volume in the Escanilla as a whole of ~250 km
3
 for time interval 1, and ~650 km
3
 for 
time intervals 2 and 3. These values therefore show that the ratio of Qs to total accommodation 
generation for this part of the system is at least a factor of 3 at 40 Ma and rises to a factor of 8 by 35 
Ma. However, despite the increase in relative sediment supply post 40 Ma, there is little change in the 
exponential fining parameter α from time interval 1 to time interval 3, whereas one might predict a 
decrease in α. This apparent discrepancy may be (i) because we are only considering the grain-size of 
the conglomerate fraction, not the total grain-size of the system and (ii) because theory suggests that 
grain-size fining rates become increasingly insensitive to sediment supply as the ratio of Qs to 
accommodation space rises (Duller et al., 2010; Parsons et al.,. 2012; Paola and Martin, 2012). Below 
we investigate some of these ideas. 
Measurements of average grain-size, Dfa, (Figure 6-5) are derived from Equation 6.1 using Wolman 
point counts of conglomerate grain-size, and from down-system facies abundance data (chapter 5), 
with the errors described in § 5.2.2.3. In contrast to Figure 6-4, it is immediately noticeable that 
average input grain-sizes and fining rates differ for the Escanilla system through time. Average input 
grain-sizes, Dfa0 = 22 mm, in time interval 1 (41.6 – 39.1 Ma), but increase by 50% by time interval 2 
(Dfa0 = 35 mm) before remaining constant throughout the rest of the study period from 39.1 – 33.9 
Ma. The exponential fining parameters, however, are α = 3.8 x 10-5 m-1 for interval 1 which almost 
doubles for interval 2 to α = 6.1 x 10-5 m-1. The differences in the fining rate are attributed to the 
initial higher grain-size as discussed above. The pattern of Dfa against downstream distance is 
relatively similar for both time interval 1 and 2, with an apparent increase in depositional grain-size at 
and after the confluence point of the system, which is likely driven by mixing between the grain-size 
distributions supplied by the Gurp and Sis palaeo-catchments. In contrast, while input grain-size is 
similar to time interval 2, interval 3 is systematically coarser with downsystem distance, with fining 
parameter of α =  2.85 x 10-5 m-1, which causes the mean grain-size to drop below the 1mm at around 
120 km, in contrast to around 90 km in the other two systems.  
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Figure 6-5: Facies averaged grain-size against depositional distance for 3 time intervals in the 
Escanilla system. 
 
These different patterns observed in Figure 6-5 in the three time intervals can be attributed either to a 
differing pattern of accommodation space, a different sediment supply or the absolute and relative 
abundance of lithofacies, in other words the grain-size mix. To understand what is driving this effect 
these data must be considered in the volumetric and mass balance frameworks.  
6.3.2 Grain-size data within a volumetric and mass balance framework 
Grain-size trends as a function of downstream distance implicitly embed the effects of total 
depositional volume, the distribution of accommodation and total sediment supply to the system. To 
understand the control of these parameters, the conglomeratic and facies averaged grain-size data 
were transferred to a volumetric and mass balance framework (c.f. Paola and Martin, 2012; chapter 1; 
figures 1-6 & 1-2). We know that the total depositional volume, and the distribution of depositional 
volume with downstream distance does not vary significantly in the Escanilla system over the first 80 
km of downsystem distance for which we have measured coarse-fraction grain-size data. Therefore, 
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we evaluate how conglomerate and facies-averaged grain-size fining trends record the conglomeratic 
volume deposited down-system to 80 km (Figure 6-6).   
 
Figure 6-6: (a) Conglomeratic D50 grain-size trends against the conglomerate cummulative volume 
for time intevals 1 to 3 with linear fining rates of -1.39*10
-12
(m
-2
) for interval1 to -8.7*10
-13
(m
-2
) in 
interval 2 and -6.3*10
-13
(m
-2
) in interval 3. Linear fining rate was used in this figure because it 
produced the best fits (b) Facies averaged grain-size trends against conglomerate cummulative 
volume for time intervals 1 to 3 with again different initial grain-size as seen in figure 6-4 but fining 
curves reflecting the absolute increase of conglomerate in intervals from 1 to 3 and from 19 to 27 and 
88 k m
3 
of conglomeratic budget respectively. The  exponential fining parameters are a= -1.6*10
-10
m
-3 
for interval 1 to a= -1.2*10
-10
 m
-3
 for interval 2 and halves in interval 3 to become -5.3*10
-11
 m
-3
. 
 
For the conglomerate grain-size data (Figure 6-6a), time interval 1 has a cumulative conglomeratic 
volume of 18 km
3
 up to the 80km sampled, and a fining rate of -1.39 x 10
-12 
m
-2
 with respect to the 
conglomeratic cumulative volume. In contrast, time interval 2 has a conglomeratic volume of 25 km
3
, 
and a lower fining rate of -8.7 x 10
-13
 m
-2
, while time interval 3 has the largest volume of 
conglomerate (38 km
3
) and the smallest fining rate -6.3x 10
-13
 m
-2
.  We note that all the intervals have 
deposited  approximately 80km
3 
Myr
-1
 of sediment in total. These data therefore advance recent 
theoretical studies because they show that the stratigraphic fining rate within a gain size class such as 
conglomerate is inversely proportional to the volume of that grain-size class supplied to, and 
deposited in the system, rather than the total cumulative volume of sediment available. This is 
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important because existing numerical and field studies on grain-size fining (Fedele & Paola, 2007; 
Duller et al., 2010; Armitage et al., 2011; Paola & Martin 2012; Allen et al., 2013) have only focused 
on bulk sediment volumes, not the fraction of each grain-size class supplied to the system. It also 
demonstrates that grain-size fining rates against volume, for specific classes of sediment such as 
conglomerate, may be much more sensitive than grain-size fining rates against downstream distance 
in circumstances in which there is considerable facies partitioning in the system. 
The control of deposited conglomeratic volume on facies averaged grain-size is also clear in Figure 6-
6b: the greater the total depositional volume of conglomerate, the less rapidly facies-averaged grain-
size declines. The three intervals experience different initial Dfa from 22mm in interval 1 to around 40 
for intervals 2 & 3. The decrease in fining rates with respect to conglomerate volume are obviously 
reflecting the absolute increase in the abundance (not the fraction) of conglomerate from 19 to 27 and 
88 km
3 
of total cumulative conglomeratic budget respectively for time intervals 1 to 3. The 
exponential fining parameter expresses this, with α = -1.6 x10-10 m-2 for interval l; α = -1.2 x10-10 m-2 
for interval 2 which falls by a factor of two in interval 3 to a value of α = -5.3 x 10-11 m-2. 
To further quantify the interplay between sediment flux and accommodation space we have plotted 
our data against the total mass balance and the conglomeratic fraction mass balance of the system 
(Figure 6-7). The mass balance co-ordinate, χ, replaces the down-system distance away from the 
source regions with the volumetric percentage of deposited sediment compared to the initial sediment 
supply (Eq. 6.3). Theoretically, this exercise enables the direct and quantitative comparison between 
systems that are volumetrically and spatially different (Strong et al., 2005; Paola & Martin 2012). 
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Figure 6-7: a) D50 conglomerate grain-size for three time intervals against the total mass balance 
framework which has been derived from the volumetric model of the Escanilla system; b)D50 
conglomeratic grain-size against the conglomeratic budget mass balance framework. In this panel a 
linear fit is used because it provides the best fit to data. 
 
Based on previous studies of mass balance (Strong et al., 2005; Paola & Martin 2012) a similar 
amount of fining with respect to χ is expected if we accept that alluvial systems can be described as 
being self-similar on a range of spatial scales (e.g. Fedele & Paola, 2007) and when initial grain-size 
inputs and distributions are identical (Fedele & Paola 2007; Duller et al., 2010; Parsons et al., 2012). 
Clearly we do not have a similar fining rate of D50 with respect to the total mass balance framework 
(figure 6-7 a). These different systems have a different grain-size mix released from the catchments 
that varies significantly from 5% to 13% of conglomerate of the system’s total sediment budget. 
Intervals 2 and 3 seem to have more rapid sediment fining than interval 1 in relation to their 
respective total mass balance. This is expected from interval 1 to interval 2 where the relative 
abundance of conglomerate (from which we have derived the data in 6-7a) drops from 8% in interval 
1 to 5% in interval 2. The trend from Interval 3 is a bit more problematic since in interval 3 there is an 
increase of overall conglomeratic fraction to 13%. This relationship however is not maintained when 
the Dfa is plotted against the total mass balance (figure 6-8 a, and discussion below). 
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To account for the differing proportions of conglomerate in the supply, we can plot D50 grain-size 
against the conglomeratic fraction mass balance χg (Eq. 6-4; Figure 6-7 b). Here we find the rate of 
grain-size fining with respect to χ is relatively similar for all three time intervals, which is what we 
would expect from theory (e.g. Paola & Martin, 2012) although it is somewhat larger for time interval 
3. The fact that time intervals 1 and 2 show similar trends fundamentally indicates that that the 
interplay between the conglomeratic sediment flux and the available accommodation space, when 
compared with respect to the total conglomeratic sediment budget, is indeed almost identical. Both of 
them need approximately 90% of the total conglomeratic volume available to be deposited to bring 
down the grain-size from 40mm to 10mm. For time interval 3, however, fining is still more rapid in 
figure 6-7(b) in relation to the other two intervals, despite accounting for the conglomeratic mass 
extraction framework rather than the total mass balance. One explanation for this is that it is not just 
the proportion of the three grain-size classes that matters, but also the variance of the grain-size 
distribution within the conglomeratic fraction itself. This is important, because a larger spread in 
grain-sizes promotes more rapid fining, as proposed from a number of other numerical and 
observational studies (Fedele & Paola, 2007; Duller et al., 2010; Whittaker et al., 2011). One measure 
of variance is given by: 
         
    
 
 
    
         (Eq. 6-5) 
In other words, the difference between D84 and D50 in the most proximal deposits provides an estimate 
of the standard deviation (σ) of the grain-size distribution of the conglomerate, and hence the co-
efficient of variation (Cv) of the sediment supply.  
Table 6-2: Summary of the coefficient of variation Cv for the three intervals. 
  D500 (mm) D840 (mm) Cv 
Interval 1 42.5 99.7 1.346 
Interval 2 39.2 93.6 1.388 
Interval 3 37.3 91.4 1.450 
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However, while Interval 3 does have a slightly greater spread in grain-size distribution in comparison 
to intervals 1 and 2, this effect is small and is not sufficient to explain the greater grain-size fining 
rates with respect to χg (c.f. Duller et al., 2010). Consequently, we suspect the apparent rapid fining in 
time interval 3 may be due to sampling bias: we only sampled 45% of the total conglomeratic volume 
in time interval 3, which is only half the coverage of the system by mass compared to time intervals 1 
and 2.  
Importantly, the above effect, seen when plotting the conglomeratic grain-size against total mass 
balance framework, disappears in Figure 6-8a when the facies-averaged grain-size is plotted against 
the mass balance framework. Significantly, the most rapid fining is experienced by interval 2 with 
fining exponent of α = -29.69 with respect to χ which is expected since its conglomeratic fraction is 
only 5% of the total and therefore exhausts very rapidly in the basin. Interval 1 starts from overall 
smaller grain-size yet greater conglomerate fraction (8%), and this explain the low fining exponent of 
α = -10.62, which is three times smaller than interval 2. In contrast, interval 3 has fining exponent of 
20.68, which is 2/3 of that in interval 2, reflecting the increase of relative conglomeratic supply to 
13% of conglomerate and the higher fining rate (double) from interval 1 reflects the higher initial 
grain-size relative to this time interval. One of the important characteristics for all the trends is that 
they fine very rapidly in the first 5% of the total mass deposition. This abrupt drop is associated with 
the ‘conglomeratic cline’ (Allen & Heller, 2012) of the system. In addition all the trends seem to 
reach 1 or close to 1 by 30% of deposition associated with the conglomeratic front. 
Figure 6-8b on the other hand shows the same facies averaged grain-size, Dfa against the 
conglomeratic sediment budget mass balance. Again interval 1 has lower starting average grain-size 
in comparison to intervals 2 and 3. Intervals 2 & 3 fining trends collapse together into one trend 
something seen previously for intervals 1 & 2 in figure 6-7b, which is what is expected theoretically 
from laboratory experiments for the total mass balance framework. After χ = 0.3, all curves follow 
more or less the same trend. χ = 0.3 for the conglomeratic mass balance is also where the 
conglomeratic cline is located for intervals 2 & 3. 
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Figure 6-8: (A) Facies-averaged grain-size (Dfa) plotted against the total and conglomeratic mass 
balance χ. (B) Dfa trends for the three time intervals against conglomeratic mass balance χg. (C) Non 
dimensional grain-size (Dnd) against the total mass balance χ and (D) Dnd against the gravel 
fraction mass balance χg. 
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In order to account for the effect of different starting grain-size in Figures 6-8 a & b, the bulk grain-
size can also be scaled to the maximum grain-size of each interval to provide the dimensionless bulk 
grain-sizes that are plotted in Figures 6-8 c & d: Dnd= Dfa/D0. It is apparent that with this 
transformation the trend the data collapse to a single curve even better together, especially for figure 
6-8 d which presents facies averaged grain-size, Dnd against the conglomerate mass fraction χg. The 
grain-size envelopes in figures 6-8 c & d therefore indicate the probable grain-size in mass balance 
space for both the total and conglomerate fractions for this system. 
6.3.3 Lithofacies variations within a volumetric and mass balance framework 
The lithofacies data gathered in chapter 5 can also be represented as a function of a volumetric and 
mass-balance framework in order to remove the extraneous complications of varying depositional 
geometries in driving down-system fining (Figures 1-2 & 5-8). Figure 6-9 shows the variation of 
lithofacies with time within the Escanilla system from proximal to distal regions against the 
cumulative volume. Figure 6-9 illustrates the differences between the three time intervals and the 
distribution of lithofacies with volumetric distance and shows that these intervals have a very different 
spatial organisation. Consequently, the various moving boundaries of the system (Allen & Heller, 
2012) - conglomeratic ‘front’ and ‘cline’, sand front and depositional length - are in different places 
with regard to the volumetric co-ordinate system. 
The ‘conglomeratic cline’ is located within 10 km3/Myr of the cumulative volume in interval 1 
(practically at the y axis), around 25 to 30 km
3
/Myr in interval 2 and around 40 km
3
/Myr of 
cumulative volume in interval 3. The ‘conglomeratic front’ (where conglomeratic lithofacies gets 
exhausted) is located at 100km
3
/Myr of cumulative deposited volume for intervals 1 and 2 whereas 
300km
3
/Myr of depositional flux is required for interval 3. This difference in conglomeratic 
dispersion in the basins is fundamentally the result of both the relative and absolute abundance of 
certain lithofacies in the grain-size mixture (Tables 5-2; 5 -3 & 5-4) 
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Figure 6-9: Lithofacies abundance trends against the volumetric framework showing the volumetric 
dissimilarities between the time intervals. 
 
It is noticeable that the proportion of sandstone deposited remains relatively consistent at 20-30% 
over a wide range in depositional volume; this is best illustrated in Figure 6-10. In other words, for 
much of the Escanilla system, sands are deposited in rough proportion to their fractional abundance in 
the sediment supply. However, for time interval 1, sand grain-sizes are exhausted by 170 km
3 
/Myr 
(sandstone front) of depositional flux, whereas, interval 2 & 3 carry some sandstone throughout the 
depositional length of the system (with no clear sandstone front). This difference can be attributed to 
the different depositional styles and environments prevailing in Jaca Basin at this time: The 
depositional environments range from deep marine in interval 1 to deltaic and marginal marine in 
interval 2 to fully fluvial in interval 3 (Hogan & Burbank, 1996; Costa et al., 2010). We note that the 
increase of sandstone facies in interval 3, around the 500 km
3
/Myr mark coincides with the additional 
second main confluence zone of interval 3 caused by sediment discharged from Santa Orasia (Figure 
5-13; chapter 5)  
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Figure 6-10: a) Conglomeratic grain-size lithofacies abundance against the respective cumulative 
conglomeratic volume, b) Sandstone abundance for three time interval against the cumulative 
sandstone volume and c) fine fraction litho-facies against fine fraction volume. There is a general 
inverse relationship between facies abundance of conglomeratic and fine facies with their cumulative 
volume frameworks, where we see an abrupt decrease of abundance with volumetric distance for the 
conglomeratic facies and an abrupt increase of abundance of fines with volumetric distance for the 
fine fraction in all time intervals. The percentage of sandstone lithofacies is relatively constant with 
respect to cumulative sandstone volume. 
 
Figure 6-10 shows the facies abundance trends against their respective facies fraction cumulative 
volume for the three time intervals, since it has been observed in Figure 6-6 that conglomeratic grain-
size fining is inversely proportional to the deposited volume of conglomerate. We therefore explore 
whether similar relationships can be seen in facies abundance with respect to their respective facies 
cumulative volume. These figures show that (a) the cumulative volume of conglomerate present 
controls the rate of decline of grain-size in conglomeratic units, similar to figure 6-6b. As a general 
rule, the abundance of conglomeratic facies drops abruptly with depositional volume from 60-100% 
near source regions to 40-20% of the stratigraphic record (the conglomeratic cline) until the full 
depositional conglomeratic length (conglomeratic front); (b) sandstones are approximately deposited 
at a constant percentage regardless of the cumulative sandstone volume and (c) the abundance of 
mudstone/siltstone facies increases with the depositional volume, which is the opposite trend to the 
conglomerate data (Figure 6-10 c). In particular, from a low facies percentage of 0 to 20% close to the 
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source regions there is a rapid increase with depositional volume, forming 60% of the total 
stratigraphic record, a value that remains approximately constant for much of the depositional system.  
 
Figure 6-11: Lithofacies abundance trends in the total mass balance framework and the effects of 
distribution of sediment classes with deposition for the three time intervals. Closer to the origin we 
have coarser lithofacies forming 80-100% of the deposits, whereas with increasing depositional and 
mass balance co-ordinates, the finer facies of mudstones and siltstone become increasingly important 
and take up to 70 to 100% of the stratigraphic record. 
 
By plotting these facies trends against the mass balance framework, χ (Figure 6-11), a comparison of 
the facies change can be made for the three intervals with respect to the interplay between 
accommodation space and the total sediment budget. It is evident that the three units differ 
significantly in terms of facies distribution with respect to χ and in terms of the position of key 
stratigraphic boundaries such as the conglomerate front and conglomerate cline. For example in figure 
6-11 it can be observed in Interval 2 that by 15% of the total depositional volume, the Escanilla 
system has deposited its entire conglomeratic fraction (conglomeratic front). In contrast, intervals 1 
and 3 have their conglomeratic front further basinward and around 40% of the depositional system. 
This is fundamentally a reflection of the different relative grain-size mix in the three systems with 
only a 5% fraction of conglomerate in interval 2, compared to 8% in interval 1 and 13% in interval 3. 
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The conglomeratic cline, however, is located in all intervals at around 3-5% of the total deposited 
sediment (figure 6-10). The conglomeratic cline signifies the departure from the alluvial fan 
depositional environment to the alluvial plain depositional environment, which for this system is 
represented by braided river deposits alternating with lacustrine deposits and floodplain fines.  
Figure 6-12: Lithofacies abundance curves against their respective grain-size lithofacies mass-
balance. In each panel the three time intervals are plotted against each of the grain-size fraction mass 
balances to track the effects of lithofacies abundance to its respective mass balance. We see how the 
curves in figure 6-10 a, b and c now follow each other in this figure and plot on the same mass-
balance co-ordinates.  
The sandstone front in Interval 1 is located at 70% of the depositional system whereas it is difficult to 
pin down this percentage in intervals 2 and 3 because of our relatively limited data at the distal end of 
the system; the difference between the intervals may also be attributed to the changing depositional 
environments in interval 2 and 3 (from deep marine conditions in Jaca basin in interval 1 to marginal 
and deltaic in interval 2 and fully fluvial in interval 3) (Figure 6-9 and above). The sandstone fraction 
deposited throughout the system in each interval tends to gently increase from zero at χ = 0 to 
approximately ~40 % for a considerable proportion of the system with respect to χ. As seen in figure 
6-9 and in figure 6-10 the fine fraction abundance is approximately proportional to the total mass 
balance framework, because for increasing χ we observe a first order increase of fine fraction 
abundance. 
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Finally, due to the varying percentages of each grain-size class in the input grain-size distribution, 
there is a need to plot the facies fractions versus their respective grain-size mass balance, as illustrated 
in Figure 6-12. For panel 6-12a the conglomeratic cline is found at approximately 30% of the 
deposited sediment for intervals 2 and 3 and at χ>0.3 almost all the intervals collapse into the same 
fining curve. This behaviour is different from the conglomerate grain-size against conglomerate mass 
balance data (Figure 6-7b) where the mass balance framework collapsed all the grain-size data 
together relatively effectively. An important implication of this is that lithofacies abundance can 
therefore vary somewhat with respect to conglomerate mass balance. If we consider 10% of the total 
conglomerate in the system deposited, we find that in time interval 1 conglomerate forms ~50% of the 
facies deposited, but in contrast it accounts for nearly 100% of the lithofacies in time intervals 2 and 
3.  This may suggest that the absolute abundance of conglomerate in the supply is controlling the 
coarse grain-size facies in the Escanilla system. The sandstone litho-facies in panel 6-12b shows a 
constant percentage of sandstone facies with respect to the sandstone mass balance framework, as 
seen in figure 6-10b with respect to volume. However, in figure 6-12c the finer facies have a positive 
correlation with the depositional volume of the finer facies. An abrupt increase from 0% at χ=0 to 
more than 60% at χ=10% and gradually to 80% where it hovers for most of the depositional length. 
Consequently, different input grain-sizes and volumes in a system may result in significant changes in 
the final litho-facies (rather than absolute grain-size) trends, which, needs to be accounted for when 
modelling ancient sedimentary systems.  
6.4 Discussion 
6.4.1 Insight from grain-size trends as a function of down-system distance 
Stratigraphic grain-size and lithofacies trends are the outcome of the interplay of tectonic and climatic 
forcing within both depositional basins and the catchment regions (Allen & Densmore 2000; Willett 
& Brandon 2002; Densmore et al., 2007; Allen & Heller 2012; Allen et al., 2013). These twin forcing 
factors determine the accommodation space available for deposition, the available sediment for 
deposition and the mode of deposition. That grain size trends in gravel rich units can, in principle, 
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provide the means to estimate sediment supply volumes, or the spatial distribution and magnitude of 
accommodation generation, F, has been recently shown from a number of recent field studies (e.g. 
Duller et al., 2010; Whittaker et al., 2011; Parsons et al., 2012).  
Similarly, in the Escanilla system, the grain-size trends from both coarse-fraction and from facies 
averaged grain-size trends reveal important information about the dynamics and behaviour of the 
sediment routing system in time and space. We follow in Escanilla three intervals that are 
volumetrically very different, with different amounts of bypassed sediment and available total 
sediment fluxes, which in this case increase with time throughout the Eocene. Nevertheless, these 
intervals record similar low rates of conglomeratic grain-size fining rates within the system, which at 
first glance might appear to contradict theoretical predictions, which suggest that the documented 
increase in the total sediment supply ought to generate lower fining rates for time intervals 2 and 3 
relative to time interval 1. While this may be partially accounted for by increasingly large sediment 
bypass (F > 3) which generates gravel grain-size trends which are not particularly sensitive to further 
changes in sediment supply (Whittaker et al., 2011; Parson et al., 2012), another explanation that we 
evaluate here is that the volume of a particular size fraction in the supply plays a controlling role in 
setting depositional grain-size. Our data shows that (i) gravel grain-size varies considerably when 
plotted against the conglomeratic volume rather than the total volume and distance and (ii) facies 
averaged grain-sizes are sensitive to the absolute conglomeratic volume and show a strong variation 
between the three time intervals as a result to the increase of absolute grain-size from intervals 1 to 3.  
Consequently, our favoured interpretation is that it is not the total cumulative sediment deposition that 
necessarily drives gravel grain-size fining, as has been previously modelled (Strong et al., 2005; 
Fedele & Paola 2007; Duller et al., 2010; Whittaker et al., 2011; Armitage et al., 2011; Parsons et al., 
2012) but in fact it is the cumulative fraction of conglomerate deposited relative to the conglomerate 
fraction in the supply that matters. Consequently, this study shows that ancient sedimentary systems 
are more complex than simple laboratory analogues, and it is important when modelling grain-size 
fining in these systems to estimate or have an idea about the relative and absolute abundances of 
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grain-sizes in these systems. In addition, our study suggests that facies averaged grain-size trends are 
more sensitive to changes regarding the total sediment budget and maybe more suitable for analysis in 
sediment routing systems where substantial facies partitioning takes place. 
In the Escanilla system the three intervals presented here not only are volumetrically different but also 
record different absolute amounts of preserved conglomerate in the basin which translates into 
different percentages of conglomerate abundance in the total volume. These differences impact on the 
facies averaged grain-sizes as a function of downstream distance and signify the importance of 
constraining the grain-size supplied to the basins which can lead to great differences in the resulting 
grain-size trends within the basins. 
In principle, our data suggest that these regional conglomeratic grain-size trends can be used to 
predict the relative conglomeratic sediment supply or oversupply for different units rather than the 
total sediment supply as previously proposed (Whittaker et al., 2011; Parsons et al., 2012) . This, 
however, can be used as a proxy for the total sediment flux, but, in order to do so we need to know the 
relative abundance of these gravel facies in each of the time slices under study. Therefore, a key 
observation from the Escanilla example is that when the system departs from purely conglomeratic-
rich regimes, as in the Pobla Basin, and the Sis palaeovalley conglomerates (Whittaker et al., 2011; 
Parsons et al., 2012) and measurements of grain-size extend into depositional zones in which facies 
partitioning takes place, a volumetric and mass-balance analysis of the system is needed rather than 
one that simply focuses on down-system distances. 
6.4.2 Grain-size and the mass balance framework 
The mass balance χ co-ordinate accounts for the interplay between deposition and sediment bypass. It 
is a tool to quantitative compare systems that were deposited in different depositional lengths; in 
basins with different shapes; and in stratigraphic units that are volumetrically very different. The 
Escanilla time intervals studied here have the additional complexity, apart from overall volumetric 
differences, of having different grain-size distributions with varying abundances (relative and 
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absolute) of gravel, sandstone and fines. It is, in essence, a tool to scale observations to a common co-
ordinate system. 
Because of the varying input of grain-size components in the total volumetric budget, we introduce 
the mass balance framework of specific grain-size components to compare between these units with 
different sediment characteristics. What we observe here is that even by using the total mass-balance 
framework, we should not expect grain-size trends to collapse together if the fraction of gravel sand 
and fines differs between systems (c.f. Toro Escobar et al., 1996; Strong et al., 2005; Fedele & Paola 
2007; Duller et al., 2010; Whittaker et al., 2011; Paola & Martin 2012; and references therein). In 
fact, the conglomeratic grain-size trends collapse on to one trend only when the appropriate grain-
size-specific mass balance framework (e.g. for conglomerate) was used. In a similar way, facies-
averaged and dimensionless bulk grain-sizes are best collapsed onto one trend when plotted against 
the total and conglomeratic mass balance co-ordinates. 
6.4.3 Lithofacies as function of volumetric and mass balance frameworks 
The lithofacies panels, presented as a function of volumetric and mass balance frameworks, enable us 
to understand the spatial and temporal controls on facies distribution in the basin. Similarly to the 
grain-size and averaged grain-size trends, the conglomeratic lithofacies abundance in each time 
interval is inversely proportional, both to the total deposited volume and to the conglomeratic 
cumulative deposited volume. However, the proportion of sandstone deposited is relatively insensitive 
to the cumulative volume of that facies already deposited, whereas the deposition of fines is generally 
proportional to the total and fine cumulative deposited volume. 
The mass-balance co-ordinate system serves as a template to compare the various intervals together. 
Again, however, only when the lithofacies trends are plotted against their respective clast mass-
balance co-ordinate system they collapse onto single trends for sandstone and fine lithofacies. 
Moreover, conglomeratic lithofacies trends collapse together only after 30% of the conglomeratic 
volume is deposited, contrasting strongly with our observations of the median conglomerate and 
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facies averaged grain-size. These observations indicate that lithofacies abundance is more sensitive to 
the respective depositional volume of that grain-size fraction rather than the total volume. It 
additionally shows that varying grain-size distribution in the supply independently influences both the 
grain-size distribution in the basin fill but also the lithofacies abundance, with increasing sediment 
supplying pushing the conglomeratic fronts further into the basin. This is a key feature that needs to 
be constrained when attempting to model grain-size fining in siliciclastic depositional systems. 
One of the characteristics of any siliciclastic sediment routing system are the moving boundaries of 
the conglomeratic front, the total conglomeratic depositional length-scale (i.e. the gravel front), the 
sandstone front and the depositional length of the system (Allen & Heller 2012; Allen et al., 2013). 
All of these boundaries have significant implications in the grain-size, average grain-size of the 
system and depositional styles. By plotting the lithofacies as a function of the volumetric and mass 
balance framework we can keep track of the volumetric and mass balance controls on these moving 
boundaries. The results here indicate that in the Escanilla system the conglomeratic cline is located at 
3-5% of the total sediment deposited or up to 30% of the conglomeratic mass-balance. The 
conglomeratic front is reached in a boundary between 15 and 40 % of the total sediment input, 
depending on the initial abundance of gravel in the grain-size mix. These specific volumetric 
thresholds described above are very important in the system since they determine the grain-size and 
lithofacies trends and depositional environments. The sandstone front could only be tracked in 
interval 1 at χ = 0.7. Another threshold observed here is that at a point at which between 10% and 
20% of the fines (silts and muds) have been laid down. At this threshold, the fraction of fine facies 
preserved in the stratigraphic record increases dramatically from 0 to 60% and thus dominates the 
stratigraphic record from this point downsystem. 
An understanding of these volumetric and mass-balance thresholds is significant for all depositional 
basins.  This study does not allow us to identify if the values at which they occur are specific to the 
Escanilla system, or are general to many sediment routing systems, but the fact they have been 
observed here suggests that the study of these stratigraphically important thresholds should be a key 
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focus of research, particularly in terms of the prediction of average grain-sizes and facies in the 
subsurface.  
6.4.4 Implications for the evolution of the Pyrenees 
This chapter has largely focused on the interpretation of grain-size trends in the stratigraphic record in 
general, using the Escanilla system as a natural laboratory to explore the relationships between 
sediment calibre, depositional volumes and cumulative mass balance. However, our data obviously 
have specific implications for the evolution of the Pyrenees. It is important to test if the data acquired 
here and fining parameters match with observations from other studies. Previous work suggests that 
the catchment regions of the Escanilla system oversupplied the Tremp and Ainsa basins by at least a 
factor of 3 (Antist Formation of the Pobla Basin and Sis Conglomerate) (Whittaker et al., 2011, 
Parsons et al., 2012). The very low fining rates seen in this system respond to the increase in sediment 
supply from the middle to late Eocene with an order of magnitude smaller fining parameters than 
those Whittaker et al. (2011) observed in Pobla basin. These observations also support the increase in 
sediment supply from catchment regions attributed to catchment expansion based on the provenance 
study presented in chapter 3. This effect likely led to the 2 to 3 fold increase of the sediment supply to 
the basins of the fold and thrust belt of the Spanish Pyrenees between the Bartonian to Priabonian and 
resulted in the absolute increase of the conglomeratic flux into the basin fill. 
The Tremp and Ainsa basins experienced very similar patterns of spatial distribution of subsidence 
throughout the deposition of the Escanilla formation. This resulted in the very similar gravel grain-
size trends in the three time intervals, but variations in the relative and absolute abundances of grain-
size from the supply affected the average grain-size and lithofacies distributions and the position of 
the moving boundaries in the components of the system. More specifically, the conglomeratic cline is 
limited to the alluvial fans in Tremp Basin during Bartonian-Priabonian times. The conglomeratic 
front for intervals 1 and 2 is located in the north of the Ainsa Basin, whereas the 3 fold increase of 
conglomerate in interval 3 pushes this boundary all the way to Jaca Basin 120 km away. For all the 
systems the sandstone front is located in the eastern Jaca Basin in interval 1 and in the western Jaca 
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Basin in intervals 2 and 3, leading to the big absolute increase of sediment supply and sandstone 
supply to these basins. The system becomes dominated by the fine fraction in the northern Ainsa 
basin, coinciding with the conglomeratic front in intervals 1 and 2. 
6.5 Conclusions 
Grain-size fining along a sedimentary fairway is the result of selective deposition of gravel and the 
coarser sediment in the upstream portion of the system allowing progressively finer sediment to be 
fluxed to the more distal parts of the system. In this study, we have evaluate the controls of down-
system distance, sediment volume and mass balance frameworks on both gravel grain-size trends, 
facies average grain-sizes and lithofacies distributions. In the Escanilla system the fundamental 
control on these three variables as preserved in the stratigraphic record is the increase of sediment 
supply to the basins with time and the amount of the relative and absolute variations in the grain-size 
mix supplied to these basins. The volumetric and mass-balance frameworks developed here help to 
quantitatively compare systems that were volumetrically very different, were of different sizes or 
were deposited in basins of different shapes.  Moreover, we have demonstrated here that due to the 
variation in grain-size characteristics supplied to the Escanilla system through time, the various trends 
in gravel grain-size, facies averaged grain-size and lithofacies abundance only collapse together once 
these trends are plotted against their respective clast mass-balance framework rather than the total 
mass-balance suggested by previous workers (Whittaker et al., 2011; Paola and Martin, 2012). This 
tells us that grain-size variations in the lithofacies groups relate specifically to the fractional 
depositional volume of the specific grain-size class (gravels, sands and fines) rather than the total 
grain-size mix. From these data set we can also extract a mass-balance threshold for the 
conglomeratic cline which accounts to the 3-5% of the total sediment budget of the unit or the 30% of 
the conglomeratic fraction of this sediment budget. The threshold for the conglomeratic front is 
located between 15 to 40 % of the total budget depending on the gravel abundance in the grain-size 
mix released from the catchments. Finally the system becomes fine-fraction dominated (the fine rise) 
after only 20% of the supplied volume of sediment is deposited. 
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Overall, this study underlines that gravel regional grain-size trends can be used to predict the spatial 
distribution of the relative abundance of the conglomeratic fraction in sedimentary systems, and can 
be used as proxies of the total sediment fluxes, but only if the relative grain-size mix in the supply is 
known or can be estimated. In contrast, facies averaged grain-sizes are considerably more sensitive to 
the total mass extraction in the system and could provide a ready proxy to be exploited in other 
sedimentary basins. Fundamentally, our field data suggest that applying laboratory and theoretical 
models of stratigraphic grain-size to a real outcrop scale is possible, even though the outcrop 
analogues are complex and often have significant facies partitioning, and that this challenge can be 
effectively dealt with using a mass balance framework that explicitly accounts for the fractional 
abundance of gravel, sand mud/silt grain-size classes. 
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7.1 Introduction  
This PhD thesis concerns the investigation of the mid to-late Eocene Escanilla palaeo-sediment 
routing system and presents a methodology to quantitatively evaluate sediment supply from erosional 
catchments, sediment transport and selective deposition to build stratigraphy in a source-to-sink 
system. It provides a generic template for future studies of the effects of mass- or volume-balance and 
the interplay between sediment flux and accommodation generation on facies and grain-size 
distributions. 
The thesis attempts to capture the evolution of the whole system from source to sink and the 
teleconnections between its component parts. In particular, the doctoral project investigates how 
sediment supply signals from erosional source areas are translated to the rock record in the 
depositional sinks of the basin-fill. These sediment supply signals are linked to the tectonic and 
climatic evolution of the upland source regions, primarily situated in the Pyrenean orogenic wedge. 
Catchment areas serving as source regions are identified and mapped based on a range of provenance 
tools (Chapter 3), and their denudation histories constrained from thermochronological analyses 
(Chapter 4). The sediment discharge from erosional catchments and its grain-size mix and lithological 
characteristics are inverted from a sediment budget exercise on the entire depositional system 
(Chapter 5). 
The gross aspects of the stratigraphy of the basin-fill reflect the sediment supply and its grain-size 
characteristics together with the spatial distribution of accommodation. Sediment is transported within 
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relatively narrow ‘threads’ to depositional sinks, but the distribution of threads constitutes a sediment 
routing system ‘fairway’ that can be mapped from field and subsurface studies. The sedimentary rocks 
comprising the fairway contain provenance information of their source region (Chapter 3). This 
provenance evidence combined with sedimentological evidence from logged sections (Chapters 5, 6) 
allows the palaeo-sediment routing system to be divided into three time intervals within its overall 
duration of ~8 Myr in the mid- to late Eocene. Recognition of these three intervals is important in 
evaluating the temporal and spatial changes of the palaeo-sediment routing system in response to 
changes in driving mechanisms for erosion and deposition. 
The volumetric surface sediment discharges and depositional fluxes that are calculated (Chapter 5) 
have generic implications for facies distributions and the fractionation of grain-size in the 
stratigraphic record (Chapter 6). Understanding better the quantitative functioning of routing systems 
and the links between mass- or volume-balance, the effect of river confluence zones and the initial 
grain-size mix provides additional tools in stratigraphic prediction of the subsurface. 
7.2 Future work  
Treating a sedimentary system from source to sink has the benefit that a sediment budget can be 
calculated which allows grain-size, facies and deposited volumes to be normalised and different 
examples compared. The comparison of basins in different tectonic settings in terms of their 
volumetric framework would be a broad, fruitful line of future research. 
In terms of the better understanding of the mid- to upper Eocene Escanilla sediment routing system, 
there are areas where further work is required.  
(1) Further heavy mineral analysis of samples from the Gurp system is needed to supplement the pilot 
study of the Sis palaeovalley reported in this thesis. In addition, heavy mineral analysis of the system 
from source to sink would be valuable in testing the significance of subsidiary sources of sediment 
from downstream of the main confluence. 
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(2) The present study has focused on the Ainsa and Tremp basins, with few constraints in Jaca basin.  
The sink in the Jaca Basin receives the sediment bypassed through the up-system segments, and 
makes up a large part of the overall sediment budget. A lot more work needs to be done to 
characterise its sedimentology and stratigraphy and uncertain boundaries in the south of the basin.  
Improved understanding of the Jaca basin-fill will more accurately define the down-system extent of 
sand deposition. With the added constraints provided from the Jaca basin, the Escanilla palaeo-
sediment routing system can potentially serve as a template or exemplar for the study of how down-
system evolution of depositional environments, facies and grain-size can be predicted.  
(3) More sand-grade grain-size data and facies data are needed to answer two generic and very 
important questions: (a) what are the main causes of sand grain-size fining, and (b) what are the 
factors controlling sedimentary facies distribution and depositional environment in ancient systems.  
(4) Although volumetric and mass-balance ‘fronts’ or ‘clines’ have been recognised in the Escanilla 
system, further work is required to see whether these fronts occur in other sedimentary systems and 
whether they correspond to distinctive changes in architectural styles in stratigraphy. A challenge is 
the recognition of grain-size fronts in subsurface stratigraphy and their use in stratigraphic prediction. 
7.3 Conclusions 
7.3.1 Source 
Provenance and thermochronological results allow source regions for the sediment of the Escanilla 
palaeo-sediment routing system to be pin-pointed. The catchments for Gurp-Pobla and the Sis 
palaeovalley extended all the way back to the main drainage divide of the Pyrenees, and were 
therefore etched almost entirely into Axial Zone rocks. The lithological make up of this region 
explains all of the provenance-sensitive indicators in the basin-fill. Catchment sizes are estimated 
based on the outlet spacing along the thrust front (Hovius 1986) and the palinspastic distance between 
the outlet and the headwaters at the North Pyrenean Fault. The combined catchment areas are 
estimated to have been 3000-4000 km
2
. The shift in heavy mineral assemblages and changes in U-
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Pbage histograms of detrital zircons in the Sis palaeovalley-fill suggest catchment expansion during 
the time period represented by the Escanilla palaeo-sediment routing system. 
Thermochronological data show that the catchments acting as source regions of sediment had a wide 
range of exhumation rates ranging from as low as 0.05 mm yr
-1
to as high as 2 mm yr
-1
. This wide 
range shows the complexity in a tectonically active and developing system such as the Axial Zone and 
Nogueres Zone of the Pyrenees. The cooling ages and lag times demonstrate that the catchment 
regions included areas that experienced different cooling histories: a) regions with high rates (1-2 mm 
yr
-1
) of tectonically controlled exhumation that occurred around 45 to 50 Ma; (b) regions with 
intermediate exhumation rates (0.5-0.2 mm yr
-1
) which record older tectonic events (50-70 Ma) in the 
orogen; (c) areas that have been steadily exhuming at low rates (< 0.2 mm yr
-1
) for 70 to 90 Myr. 
7.3.2 Sink 
Provenance data from this study enable the reconstruction of sediment dispersal pathways and the 
mapping of the sediment routing system fairway. The new data allow testing of ideas on previous 
palaeogeographic reconstructions for the Escanilla system but also provide a quantitative picture of 
the spatial distribution of deposition in the various segments of the palaeo-sediment routing system. In 
addition, new sedimentological data from Escanilla time-equivalent units supplemented by previously 
published and unpublished work forms the basis for a correlation panel that subdivides the 
stratigraphy into three time intervals. 
The Sis and Gurp/Pobla catchments provided sediment for the alluvial plains of the Tremp and Ainsa 
basins, and the sediment bypassed into the distal Jaca basin, with possible local subsidiary sources 
from the existing palaeo-highs. The Jaca basin experienced the biggest change in depositional 
environments from deep marine in time interval 1 to shallow marine in time interval 2 and fully 
fluvial in time interval 3 associated with the tectonic development of the Western Pyrenees. Only in 
time interval 3 are there indications of additional significant sediment sources from the Santa Orasia 
fanglomerates on the northern margin of the eastern Jaca basin. 
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On the basis of seismic, sedimentological, grain-size and palaeo-flow data, both the Montsec and 
Boltaña highs were active during the deposition of the Escanilla system, thereby influencing its 
deposition. The U-Pb age, clast lithology, grain-size and sedimentary facies data retrieved along the 
sediment routing system fairway suggest that the Tremp, Ainsa and Jaca basins were teleconnected 
and part of the same system. 
7.3.3 Sediment budget 
The sediment budget can be constrained by the mapping of the fairway combined with the calculation 
of cross-sectional areas at stations distributed in the down-system direction. The volumetric exercise 
enables the sediment supply, depositional fluxes and surface sediment discharges to be linked to 
down-system trends in grain-size of gravel and percentages of grain-size fractions. The volumetric 
analysis shows the influence of major confluences on surface sediment discharges and can be 
recognised from their effect on gravel grain-size. 
The sedimentary budget and grain-size mix for three time intervals is as follows:  
 Time interval 1: ca. 250 km3 Myr-1 of sediment were deposited divided into 19, 58 and 170 km3 
Myr
-1
 for conglomeratic, sand-rich, and fine lithofacies respectively.  
 Time interval 2: the deposited sediment increased to around 620 km3 Myr-1 divided into 30, 140 
and 474 km
3
 Myr
-1 
for conglomeratic, sandstone and fine-grained lithofacies.  
 Time interval 3: with the deposited sediment volume remained high at ca 680 km3 Myr-1 and 90, 
195 and 423 km
3
 Myr
-1 
were deposited as conglomeratic, sand-rich and fine-grained fractions. 
Depocentres of enhanced sediment accumulation rate migrated westwards over time, especially 
between time interval 2 and time interval 3. In the Tremp basin and south-eastern Ainsa basin, 
sediment deposition was controlled by tectonically generated accommodation. Seaward of the deltas 
and narrow shelf of the Ainsa basin, sediment deposition rates were mostly likely controlled by 
sediment supply from up-system. 
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 By inverting the total deposited volume, catchment-averaged erosion rates are ca. 0.15 mm yr
-1
 when 
averaged over the ~8 Myr duration of the palaeo-sediment routing system. The range derived from 
apatite fission track thermochronology of detrital samples is 0.05 to 2.0 mm yr
-1
. The catchments for 
the Sis and Gurp-Pobla were therefore easily capable of supplying the entire sediment volume of the 
Escanilla system.  
7.3.4 Grain-size fining 
Selective extraction from surface sediment fluxes is the most plausible mechanism for down-system 
fining in stratigraphy. Particles are selectively extracted from the surface flux to the depositional flux 
to create over geological time stratigraphy. Since coarser sediment is extracted to build stratigraphy in 
upstream parts of the dispersal system, this leaves the remaining flux relatively concentrated in finer 
grains. Finer grain-sizes preferentially bypass upstream locations and are eventually deposited in the 
more distal parts of the basin. 
The grain-size analysis of the conglomeratic fraction of the Escanilla system reveals that the interplay 
between gravel surface sediment fluxes and accommodation (the depositional flux) fundamentally 
drives grain-size fining in the Escanilla system. The distribution of facies in sedimentary basins, along 
ancient routing system fairways, depends on the absolute and relative initial grain-size mix supplied 
from catchment regions. Grain-size fining trends of gravel clasts in conglomeratic facies can serve as 
proxies to estimate the total volumetric budget of the system if the initial abundances of the grain-size 
fractions can be inferred. 
Transferring our observations to the non-dimensional space of the mass balance framework allows the 
direct comparison between siliciclastic sedimentary systems that have a different starting grain-size, 
volumetric sediment supplies and which were deposited in different basin shapes and settings. In 
addition, this transformation to a volumetric and mass balance framework is a tool to scale any 
observations on outcrop analogue studies, allowing a comparison of different systems. 
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Depositional environments and facies changes are susceptible to volume- or mass-balance thresholds. 
Two such thresholds are recognised in the Escanilla: (a) the zone of rapid diminution of conglomerate 
abundance, or conglomeratic/gravel ‘cline’ and (b) the terminal, usually abrupt, reduction in gravel 
content, or conglomeratic/gravel ‘front’. The conglomeratic cline is found to be at 3-5% of the total 
sediment budget or at 30% of the conglomeratic fraction of the total sediment budget. The threshold 
for the conglomeratic front varies considerably from 15 to 40 % of the total budget depending on the 
gravel abundance in the grain-size mix released from the catchments. 
The Escanilla sediment routing system is an outcrop showcase where the volumetric and mass-
balance frameworks may in future assist in a quantitative comparison of systems that were 
volumetrically very different, of different sizes and were deposited in basins of different shapes and 
lengths. It is anticipated that these comparisons will be of value in subsurface stratigraphic 
predictions. 
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9 Appendices 
9.1 Appendix I: Chapter 3 
Table 9-1: all co-ordinates of all the sites and localities used in this study. 
ID Lat Long ID Lat Long ID Lat Long 
S122 N42 15.216 E0 48.308 S018 N42 19.982 E0 34.874 S045 N42 10.923 E0 29.882 
Loc 38 N4 12.713 E0 50.093 S019 N42 19.187 E0 36.052 S046 N42 11.109 E0 29.738 
Loc 41 N4 16.926 E0 55.68 S020 N42 22.895 E0 37.922 S047 N42 19.605 E0 37.823 
Loc 26 N4 15.765 E0 54.705 S021 N42 22.958 E0 38.024 S048 N42 19.669 E0 37.708 
loc24 N4 15.755 E0 54.845 S022 N42 23.885 E0 39.006 S049 N42 18.407 E0 36.526 
loc25 N4 15.795 E0 54.846 S023 N42 20.720 E0 35.197 S050 N42 10.122 E0 29.493 
loc37 N4 14.151 E0 52.911 S024 N42 21.095 E0 35.450 S051 N42 10.405 E0 29.391 
loc39 N4 16.925 E0 55.706 S025 N42 17.401 E0 36.636 S052 N42 20.141 E0 38.255 
loc40 N4 16.921 E0 55.686 S026 N42 17.466 E0 36.649 S053 N42 20.302 E0 37.431 
loc42 N4 17.175 E0 54.313 S027 N42 16.881 E0 36.887 S054 N42 22.838 E0 38.237 
S001 N42 21.857 E0 35.816 S028 N42 24.542 E0 40.162 S055 N42 10.189 E0 27.474 
S002 N42 21.815 E0 35.775 S029 N42 24.505 E0 40.163 S056 N42 10.474 E0 27.786 
S003 N42 21.915 E0 35.786 S030 N42 24.060 E0 40.241 S057 N42 10.290 E0 29.371 
S004 N42 22.689 E0 37.172 S031 N42 23.420 E0 40.065 S058 N42 10.065 E0 31.360 
S005 N42 22.631 E0 37.106 S032 N42 22.164 E0 40.228 S059 N42 10.091 E0 31.400 
S006 N42 22.418 E0 37.169 S033 N42 22.413 E0 39.209 S060 N42 10.645 E0 31.601 
S007 N42 22.301 E0 36.219 S034 N42 21.951 E0 38.853 S061 N42 10.759 E0 20.238 
S008 N42 22.315 E0 36.244 S035 N42 19.993 E0 36.684 S062 N42 10.698 E0 31.268 
S009 N42 22.367 E0 36.372 S036 N42 19.872 E0 36.662 S063 N42 10.535 E0 31.712 
S010 N42 18.041 E0 36.876 S037 N42 19.866 E0 36.306 S064 N42 10.183 E0 31.425 
S011 N42 18.071 E0 36.795 S038 N42 20.079 E0 38.891 S065 N42 10.547 E0 27.920 
S012 N42 18.086 E0 36.771 S039 N42 22.314 E0 36.838 S066 N42 10.521 E0 27.924 
S013 N42 18.924 E0 37.097 S040 N42 21.737 E0 35.950 S067 N42 10.509 E0 27.931 
S014 N42 19.031 E0 37.035 S041 N42 21.762 E0 36.266 S068 N42 10.008 E0 32.888 
S015 N42 18.458 E0 36.567 S042 N42 19.315 E0 37.315 S069 N42 22.119 E0 05.383 
S016 N42 18.303 E0 36.375 S043 N42 10.076 E0 27.168 S070 N42 16.613 E0 06.463 
S017 N42 19.647 E0 35.776 S044 N42 09.444 E0 28.215 S071 N42 15.885 E0 05.800 
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ID Lat Long ID Lat Long 
S072 N42 15.794 E0 05.801 S106 N42 16.831 E0 53.266 
S073 N42 15.147 E0 05.899 S107 N42 16.688 E0 53.051 
S074 N42 15.143 E0 06.398 S108 N42 14.820 E0 52.282 
S075 N42 15.000 E0 06.487 S109 N42 14.829 E0 52.242 
S076 N42 14.950 E0 06.521 S110 N42 14.432 E0 49.767 
S077 N42 16.717 E0 11.253 S111 N42 14.214 E0 49.269 
S078 N42 16.690 E0 10.019 S112 N42 12.948 E0 49.448 
S079 N42 16.214 E0 09.933 S113 N42 13.710 E0 50.370 
S080 N42 15.893 E0 09.251 S114 N42 13.402 E0 50.550 
S081 N42 15.529 E0 09.049 S115 N42 13.451 E0 50.753 
S082 N42 15.476 E0 08.882 S117 N42 08.159 E0 37.183 
S083 N42 15.126 E0 08.641 S118 N42 08.194 E0 36.686 
S084 N42 10.352 E0 27.938 S120 N42 17.035 E0 51.187 
S085G N42 16.455 E0 53.203 S121 N42 15.116 E0 48.963 
S086 N42 14.326 E0 49.866 Site 1, N. Gurp N4 14.171 E0 51.785 
S087 N42 15.350 E0 54.588 Site 1; Huesca N4 7.458 E0 35.98 
S089 N42 15.625 E0 54.502 Site 2, N. Gurp  N4 15.0716 E0 50.757 
S091 N42 07.741 E0 34.727 Site 2; Huesca  N4 6.928 E0 33.652 
S092 N42 08.789 E0 36.231 Site 3; Huesca   N4 6.693 E0 31.058 
S093 N42 08.559 E0 39.926 Site 5 N4 14.623 E0 49.998 
S094 N42 08.563 E0 39.436 Site 5, N. Gurp N4 15.606 E0 50.873 
S095 N42 08.578 E0 39.113 Site1 N4 14.106 E0 49.238 
S096 N42 08.405 E0 38.916 Site4 N4 14.586 E0 50.146 
S097 N42 08.835 E0 38.148 Antist at Sis (source) N4 25.48 E0 40.99 
S103 N42 15.531 E0 54.484   
 
  
S104 N42 15.698 E0 54.422   
 
  
S105 N42 16.415 E0 53.258       
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Table 9-2: Summary of all the clast lithology data from all the time intervals along the sedimentary 
fairway. Please refer to table 9-1 for co-ordinates. BL – Devonina Limestones, TS Triassic red 
sandstones, QP Quartz pebbles, ML-Grey Limestone, GR-Granitic, GS- Green metasedimentary and 
Phillites, YS-Tertiary sandstones. 
No Loc. Formation Site No BL TS QP ML GR GS YS Other Total  
1 Gurp Antist Site5 N Gurp 16 16 5 33 1 17 12 0 100 
2 Gurp Antist S106 6.9 17.3 2.5 38.0 0.0 21.3 13.9 0.0 100 
3 Gurp Montsor 3 Site 5 S Gurp 8 11 1 39 2 25 11 3.0 100 
4 Gurp Montsor 3 loc 26 13 11 4 34 5 22 11 0.0 100 
5 Gurp Montsor 3 Site2 N Gurp 7 39 2 40 0 7 5 0.0 100 
6 Gurp Montsor 3 S089 0 28 1 30 20 0 20 1.0 100 
7 Gurp Montsor 3 S104 0 20 1 16 0 50 13 0.0 100 
8 Gurp Montsor 3 S107 0 26 0 30 0 19 25 0.0 100 
9 Gurp Montsor 3 S110 0 14 0 62 0 14 10 0.0 100 
10 Gurp Montsor 3 S120 0 0 0 63 0 31 5 1.0 100 
11 Gurp Montsor 2 Site 4 19 5 3 36 2 17 14 4.0 100 
12 Gurp Montsor 2 Site1 15 2 4 41 3 13 14 8.0 100 
13 Gurp Montsor 2 Loc 42 16 16 0 33 0 11 13 11.0 100 
14 Gurp Montsor 2 Loc 25 8 30 2 50 0 4 6 0.0 100 
15 Gurp Montsor 2 loc 24 8 31 1 48 0 4 8 0.0 100 
16 Gurp Montsor 2 S086 0 12 0 54 0 24 10 0.0 100 
17 Gurp Montsor 2 S087 0 40 0 41 0 6 13 0.0 100 
18 Gurp Montsor 2 S103 0 29 0 42 5 2 21 1.0 100 
19 Gurp Montsor 2 S108 4 3 0 57 0 17 18 1.0 100 
20 Gurp Montsor 2 S109 2 4 0 68 0 17 9 0.0 100 
21 Gurp Montsor 2 S111 20.5 9 0 47.5 0 13 10 0.0 100 
22 Gurp Montsor 2 S121 0 5 0 71 0 1 22 1.0 100 
23 Gurp Montsor 1 S085 0 31 0 57 0 4 7 1.0 100 
24 Gurp Montsor 1 S105 2 7 0 65 0 3 23 0.0 100 
25 Gurp Montsor 1 S112 0 2 0 74 0 20 3 1.0 100 
26 Gurp Montsor 1 S113 0 0 0 76 0 14 9 1.0 100 
27 Gurp Montsor 1 S114 19 0 0 58 0 21 1 1.0 100 
28 Gurp Montsor 1 S122 0 0 0 18 0 0 82 0.0 100 
29 Gurp Montsor 1 Site1 N Gurp 24 6 3 21 3 30 13 0.0 100 
30 Gurp Montsor 1 loc 38 50 0 1 40 0 0 0 9.0 100 
31 Gurp Montsor 1 loc 41 3 32 0 46 0 13 5 1.0 100 
32 Gurp Montsor 1 loc 40 0 18 0 76 0 1 5 0.0 100 
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No Loc. Formation Site No BL TS QP ML GR GS YS Other Total  
33 Gurp Montsor 1 loc 39 0 32 4 56 0 6 2 0.0 100 
34 Gurp Montsor 1 loc 37 16 26 1 49 0 0 7 1.0 100 
35 Sis Antist Anist1 8 24 0 31 0 26 11 0.0 100 
36 Sis Antist S028 28 1 6 2 5 58 0 0.0 100 
37 Sis Antist S030 64 3 0 20 0 7 4 2.0 100 
38 Sis Antist S031 52 14 0 4 0 27 2 1.0 100 
39 Sis Antist S033 25 21 0 15 4 35 0 0.0 100 
40 Sis Antist S034 41 33 0 2 0 24 0 0.0 100 
41 Sis Antist S035 6 33 1 24 4 32 0 0.0 100 
42 Sis Antist S037 14 27 1 2 0 56 0 0.0 100 
43 Sis Antist S038 13 31 0 2 0 54 0 0.0 100 
44 Sis Sis 4 S029 9.12 0.3 0.2 63.8 0 0 27 0.0 100 
45 Sis Sis 4 S036 6.89 8.8 0.3 78.2 0 0 5.8 0.0 100 
46 Sis Sis 4 S039 21.7 18 0.5 57.4 0 0 2.1 0.0 100 
47 Sis Sis 4 S041 6.59 15 0.7 37.1 0 0 41 0.0 100 
48 Sis Sis 4 S053 4.81 43 0.2 28.9 0 0 23 0.0 100 
49 Sis Sis 4 S054 6.55 3.1 0 81.3 0 0 9.1 0.0 100 
50 Sis Sis 4 S022 7.16 8.7 1.1 71.6 0 0 11 0.0 100 
51 Sis Sis 1 S001 1.63 0.3 0 39.8 3 0 55 0.0 100 
52 Sis Sis 1 S008 26.9 0.2 0.1 43.9 6.4 0 23 0.0 100 
53 Sis Sis 1 S005 0 0.9 0 46.3 18 0 35 0.0 100 
54 Sis Sis 1 S013 21.8 0 0.3 52.9 3.9 0 21 0.0 100 
55 Sis Sis 1 S015 13.8 1 0.1 30.5 16 0 39 0.0 100 
56 Sis Sis 1 S021 6.07 0.2 0 23.2 52 0 18 0.0 100 
57 Sis Sis 1 S023 0.24 0.3 0 31.3 18 0 51 0.0 100 
58 Sis Sis 1 S026 21.9 0.2 0 33.8 9.2 0 35 0.0 100 
59 Sis Sis 1 S024 1 0 0 46.3 3.9 0 49 0.0 100 
60 Sis Sis 2 S052 2.16 6 0.1 63.6 14 0 14 0.0 100 
61 Sis Sis 2 S048 15.6 6.9 2.3 56.7 0.9 0 8.6 9.0 100 
62 Sis Sis 2 S042 25.4 12 0 29 23 0 11 0.0 100 
63 Sis Sis 2 S040 8.23 9.4 0 59.4 1.7 0 21 0.0 100 
64 Sis Sis 2 S020 3.69 1 0 62.9 16 0 16 0.0 100 
65 Sis Sis 2 S014 6.53 5.7 0.3 47.7 19 0 20 0.0 100 
66 Sis Sis 2 S009 0 0 0 74.6 14 0 11 0.0 100 
67 Sis Sis 2 S006 3.5 3.8 0 72.1 0.1 0 20 0.0 100 
Appendices 
202 
No Loc. Formation Site No BL TS QP ML GR GS YS Other Total  
68 Sis Sis 2 S012 16.2 0.1 0.1 29.9 14 0 40 0.0 100 
69 Sis Cornudella S004 0.23 2.2 0.2 60 7.4 0 30 0.0 100 
70 Sis Cornudella S007 2.49 0.6 0.1 41.1 5.2 0 51 0.0 100 
71 Sis Cornudella S003 0 5.9 0.1 41.9 19 0 33 0.0 100 
72 Sis Cornudella S018 0 0.6 0 36.4 3.6 0 59 0.0 100 
73 Sis Cornudella S019 0 1.1 0 40.1 21 0 38 0.0 100 
74 Sis Cornudella S016 1.77 1.1 0.6 43.2 25 0 28 0.2 100 
75 Sis Cornudella S010 1.27 1.9 0.1 53.3 1.1 0 36 6.8 100 
76 Sis Cornudella S011 1.1 2 0.1 49 10 0 38 0.0 100 
77 Sis Cornudella S025 2.01 0.8 0.1 29.4 12 0 55 0.0 100 
78 Sis Cornudella S027 2.95 0 0.1 47.9 9 0 40 0.0 100 
79 Viacamp Antist Site 1 Huesca 5 11 15 34 2 19 14 0.0 100 
80 Viacamp Antist Site 2 Huesca 8 8 18 16 9 20 21 0.0 100 
81 Viacamp Antist Site 3 Huesca 7 14 30 12 7 17 13 0.0 100 
82 Viacamp Antist S091 0.28 80 5 5.09 0 2.4 7.4 0.0 100 
83 Viacamp Interval 3 S117 10 3 20 39 0 3 25 0.0 100 
84 Viacamp Interval 3 S118 2 2 12 45 0 4 35 0.0 100 
85 Viacamp Interval 3 S092 16 2 9 51 0 4 18 0.0 100 
86 Viacamp Interval 2 S097 7 0 0 36 0 15 42 0.0 100 
87 Viacamp Interval 2 S096 12 0 0 40 5 11 32 0.0 100 
88 Viacamp Interval 1 S095 6.41 0 2.5 33.6 0 13 45 0.0 100 
89 Viacamp Interval 1 S094 31.1 3 0.5 29.9 0 14 21 0.0 100 
90 Viacamp Interval 1 S093 15.5 5.9 0 36 0 3.8 39 0.0 100 
91 Lascuarre Antist S043 7.68 21 5.3 30.4 2 19 11 3.6 100 
92 Lascuarre Antist S061 9.03 8.2 6.3 56.5 0 11 8.5 0.0 100 
93 Lascuarre Antist S044 3.93 51 6.9 18.3 0 11 8.9 0.4 100 
94 Lascuarre Upper Esc S050 13 20 5 14 1 11 36 0.0 100 
95 Lascuarre Middle Esc S063 0.56 8.4 1 58 0 0.2 32 0.0 100 
96 Lascuarre Middle Esc S067 0.2 1.6 3.8 70.4 0 0.4 24 0.0 100 
97 Lascuarre Middle Esc S084 0 0.1 0.4 64.5 0 19 16 0.0 100 
98 Lascuarre Middle Esc S060 2.12 5.2 0 65.1 0 1.8 26 0.0 100 
99 Lascuarre Middle Esc S051 4.43 11 0.9 55.9 0 0.1 28 0.0 100 
100 Lascuarre Lower Esc S062 5.15 9.2 2 14.3 0 11 58 0.0 100 
101 Lascuarre Lower Esc S065 0.25 1.2 2 44.6 5.8 5.5 37 3.2 100 
102 Lascuarre Lower Esc S066 0 0 0.6 76.5 0 4.9 17 1.0 100 
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No Loc. Formation Site No BL TS QP ML GR GS YS Other Total  
103 Lascuarre Lower Esc S046 6.31 12 5.8 42.6 8.4 7.7 17 0.3 100 
104 Lascuarre Lower Esc S045 3.38 2.4 0.3 63.4 0 0 30 0.1 100 
105 Ainsa Antist S083 3 12 2 52 0 12 19 0.0 100 
106 Ainsa Upper Esc S075 0.01 54 1.7 32.9 0 0 11 0.4 100 
107 Ainsa Upper Esc S076 0 23 1.4 16 0 0 60 0.0 100 
108 Ainsa Upper Esc S081 0.63 8.4 3.3 43.1 0 0 45 0.0 100 
109 Ainsa Middle Esc S073 5.29 7.4 6.5 50.4 0 14 16 0.0 100 
110 Ainsa Middle Esc S075 0.45 19 3 47.4 0 0.5 30 0.0 100 
111 Ainsa Middle Esc S080 0 23 3 36.8 0 8.9 22 5.8 100 
112 Ainsa Lower Esc S070 5.17 0.8 7.3 65.8 0 0.9 20 0.0 100 
113 Ainsa Lower Esc S071 0 0 1.4 61.1 0 22 15 0.0 100 
114 Ainsa Lower Esc S072 0.36 5.8 3.9 70.8 1.6 0.1 17 0.0 100 
115 Ainsa Lower Esc S077 0 2.1 0 84.9 0 0.3 13 0.0 100 
116 Ainsa Lower Esc S078 1.95 16 3.6 65.7 0 0 13 0.0 100 
117 Ainsa Lower Esc S079 1.02 26 3.2 40.7 0 0 22 7.5 100 
 
 
Figure 9-1: Summary of all the Clast lithology data from the Escanilla system for interval 2. 
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Figure 9-2: Summary of all the Clast lithology data from the Escanilla system for interval 3. 
 
 
Figure 9-3: Summary of all the Clast lithology data from the Escanilla system for interval 3. 
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Table 9-3: Heavy mineral analysis data from Maria Mange both from Lascuarre and Sis sections and the point counting data. For co-ordinates refer to table 
9-1.  
No 
Sample 
 name Locality 
Formation 
Name ZIRCON 
TOUR- 
MALINE APATITE RUTILE 
STAU- 
ROLITE GARNET SPHENE 
EPIDOTE 
GROUP CLINO-PYROXENE OTHERS Total 
ANA- 
TASE Remarks 
1 S043 Lascuarre Antist 4.5 10.0 4.5 0.5 0.0 10.0 0.0 70.0 0.0 0.5 100.0 0 andalusite  
2 S044 Lascuarre Antist 6.5 9.0 1.5 2.5 0.0 1.5 1.0 77.5 0.0 0.5 100.0 1 andalus. 
3 S045 Lascuarre L. Escanilla 0.0 4.0 4.5 3.0 0.0 0.0 0.0 86.4 0.0 2.0 100.0 0 andalus. 
cround. 
kyanite, 
fluorite 
4 S046 Lascuarre L. Escanilla 3.0 1.0 2.0 0.0 0.0 33.2 2.0 55.9 0.0 3.0 100.0 4 Chrome- 
spinel 
5 S055 Lascuarre L. Escanilla 1.0 7.0 3.5 1.0 0.0 13.0 0.5 68.5 0.0 5.5 100.0 1 Chrome- 
spinel 
andalus. 
corund. 
allanite 
6 S056 Lascuarre L. Escanilla 3.0 11.5 2.5 1.5 0.0 10.0 3.5 65.0 0.0 3.0 100.0 0 chr.spinel 
7 S051 Lascuarre M. Escanilla 1.0 13.5 13.0 0.0 0.0 0.0 0.5 72.0 0.0 0.0 100.0 2 
 8 S057 Lascuarre M. Escanilla 5.5 9.5 2.0 1.0 0.0 2.0 0.5 79.5 0.0 0.0 100.0 
  9 S050 Lascuarre U. Escanilla 7.0 3.5 6.0 1.0 0.0 1.0 0.5 81.0 0.0 0.0 100.0 
  10 S028 Sis Antist 5.5 5.0 10.5 0.5 0.0 0.5 0.5 77.5 0.0 0.0 100.0 0 
 11 S031 Sis Antist 5.4 7.4 12.9 1.0 0.0 0.0 1.5 71.8 0.0 0.0 100.0 1 
 12 S037 Sis Antist 1.5 20.0 6.5 0.5 0.5 3.5 0.0 67.5 0.0 0.0 100.0 1 
 13 S038 Sis Antist 7.5 10.5 19.0 1.0 0.0 2.5 1.5 56.0 1.5 0.5 100.0 0 topaz 
14 S034 Sis Antist 8.5 7.0 24.5 0.5 0.0 10.5 1.5 37.5 9.0 1.0 100.0 1 andalus or  
topaz 
15 S002  Sis Cornudella 9.5 58.7 5.0 1.5 5.5 13.4 0.0 2.5 0.0 4.0 100.0 2 fluorite 
16 S007 Sis Cornudella 10.4 65.3 8.9 0.0 0.0 13.9 1.0 0.5 0.0 0.0 100.0 
  17 S011 Sis Cornudella 6.5 46.0 28.5 0.0 0.0 13.5 3.0 2.5 0.0 0.0 100.0 
  18 S025 Sis Cornudella 8.0 47.5 36.0 0.5 0.0 5.5 0.5 2.0 0.0 0.0 100.0 7 
 19 S027 Sis Cornudella 13.5 48.5 16.0 0.5 0.5 17.0 1.0 3.0 0.0 0.0 100.0 5 
 20 S001 Sis Sis 1 1.5 73.0 14.5 0.5 0.0 9.0 0.0 1.5 0.0 0.0 100.0 2 
 21 S008 Sis Sis 1 13.4 62.4 4.0 0.5 0.0 17.8 0.5 1.5 0.0 0.0 100.0 1 
 22 S017 Sis Sis 1 3.9 68.9 16.1 0.0 0.0 9.4 0.6 0.0 0.0 1.1 100.0 2 fluorite 
23 S040 Sis Sis 2 7.5 60.5 10.5 0.5 0.5 18.0 0.0 2.5 0.0 0.0 100.0 1 
 24 S042 Sis Sis 2 16.9 19.4 29.4 0.0 0.0 11.4 0.5 21.4 0.0 1.0 100.0 3 topaz 
25 S048 Sis Sis 2 8.0 21.0 12.0 0.5 0.0 13.5 0.5 44.0 0.0 0.5 100.0 1 monazite 
26 S052 Sis Sis 2 9.5 42.0 24.5 4.0 0.5 14.5 0.5 4.5 0.0 0.0 100.0 
  27 S029 Sis Sis 4 2.4 4.9 0.0 2.0 0.0 0.5 0.5 89.8 0.0 0.0 100.0 
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28 S036 Sis Sis 4 6.0 46.0 4.5 0.5 0.0 8.5 1.0 33.5 0.0 0.0 100.0 2 
 
29 S039 Sis Sis 4 6.4 5.4 5.4 1.5 0.0 0.0 0.0 80.7 0.0 0.5 100.0 1 
golden yellow  
spinel 
30 S041 Sis Sis 4 7.0 37.5 25.0 0.5 0.0 11.5 0.5 17.5 0.0 0.5 100.0 1 topaz 
31 S053 Sis Sis 4 3.9 24.5 6.9 0.0 0.0 9.8 0.5 54.4 0.0 0.0 100.0 
  32 S054 Sis Sis 4 20.5 18.1 2.4 2.4 0.0 2.4 1.2 53.0 0.0 0.0 100.0 0 
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Table 9-4: Summary of all the U/Pb data from detrital zircon samples along the sedimentary fairway. Ages are concondant ages for each samples and in 
Myrs. Each zircon age has been processed through Glitter and Isoplot (See text for details) to discard discordant and low quality data. These ages were used 
for the diagrams in figures 3-12 & 9-4. For co-ordinates refer to table 9-1. 
A/A S008 S011 S029 S031 
1 300.0 304.0 307.5 306.2 390.6 316.1 310.6 342.3 317.0 2698.7 512.7 692.8 618.4 543.9 761.2 251.5 
2 309.4 306.5 309.9 311.9 321.5 319.6 312.4 307.6 321.0 304.1 773.2 291.6 584.5 551.0 480.8 300.8 
3 313.1 308.3 310.3 314.5 325.2 314.8 317.0 793.8 329.9 485.7 703.5 347.2 351.9 768.2 573.7 302.5 
4 313.6 311.3 312.7 314.7 400.4 320.9 339.5 335.2 342.8 280.9 536.8 345.8 254.5 574.5 1908.6 315.6 
5 313.9 314.0 313.9 314.8 318.7 319.6 320.3 316.7 346.3 972.6 920.3 581.3 973.9 630.1 641.6 317.9 
6 315.8 314.1 318.0 316.8 294.4 968.9 317.3 628.9 364.7 472.5 470.9 931.9 356.4 295.9 480.7 326.1 
7 316.4 315.0 318.9 317.1 292.2 318.4 342.0 416.7 391.1 549.3 352.0 930.7 354.2 471.4 577.3 356.9 
8 317.9 317.5 320.0 317.2 320.8 319.0 314.0 328.1 460.1 438.1 2007.3 782.4 253.7 646.4 1991.9 360.3 
9 318.6 317.7 322.0 319.8 315.4 321.1 334.7 362.5 605.0 332.4 654.1 2698.5 302.5 642.7 330.8 387.5 
10 319.1 318.0 322.1 320.9 320.2 310.0 317.8 315.3 615.4 550.4 437.8 333.0 567.0 562.6 583.6 471.4 
11 320.1 318.9 322.7 320.9 313.8 317.7 323.2 323.5 643.6 960.5 476.4 350.2 627.8 2526.7 672.9 472.6 
12 320.5 319.1 325.2 323.1 316.7 315.7 327.8 311.8 650.2 465.7 302.7 298.1 336.8 472.0 1078.7 493.7 
13 321.1 319.4 325.6 324.8 311.9 2464.1 333.4 257.8 664.4 307.7 1897.9 508.9 575.6 1847.1 330.8 497.7 
14 322.6 320.2 326.9 325.6 318.0 314.5 334.4 320.8 2058.7 309.4 447.5 539.6 355.2 301.9 787.0 590.5 
15 322.9 321.3 327.5 326.5 399.5 307.8 326.7 537.8 2126.5 573.6 362.3 435.6 2160.5 597.7 458.0 596.6 
16 323.0 321.8 327.6 327.8 315.9 315.1 338.7 2647.2 2322.1 644.2 2047.8 304.8 667.8 439.8 254.2 626.3 
17 323.2 321.8 327.6 328.3 333.2 1002.2 331.0 2750.9 
 
336.0 325.1 647.5 437.9 247.1 488.2 659.6 
18 323.2 324.5 329.4 328.4 326.1 320.6 326.4 333.5 
 
736.0 1873.7 825.4 471.8 320.9 357.5 683.9 
19 323.7 324.5 329.4 328.8 309.7 433.9 320.1 325.7 
 
272.3 2215.7 488.8 464.3 579.4 567.6 844.9 
20 325.2 324.8 330.1 329.8 319.0 338.7 329.0 318.2 
 
696.0 388.5 294.2 297.4 1423.2 639.9 852.9 
21 325.7 325.3 330.3 332.9 320.0 333.1 320.9 326.0 
 
362.0 337.0 844.9 403.9 668.6 1509.5 1259.5 
22 326.5 325.6 330.8 339.0 311.0 322.7 340.5 323.1 
 
615.8 832.8 313.2 347.8 651.6 712.5 1744.5 
23 328.7 327.5 331.5 339.2 318.9 320.2 325.4 323.9 
 
304.2 413.8 445.8 940.4 466.4 613.5 
 24 329.5 328.4 331.9 533.7 321.6 313.2 309.9 729.9 
 
455.0 296.4 662.6 334.7 2095.2 282.6 
 25 330.0 329.5 340.4 645.4 2257.4 310.7 320.0 324.8 
 
940.6 369.1 381.9 639.8 329.2 661.6 
 26 332.7 330.5 349.5 828.5 308.0 316.0 315.1 319.4 
 
320.8 422.8 2020.1 901.4 501.9 704.3 
 27 334.7 332.9 415.6 1412.5 314.8 325.9 329.0 344.8 
 
1863.7 462.6 489.6 313.8 617.6 1919.3 
 28 345.7 337.8 585.7   317.2 321.5 321.1 719.3 
 
339.4 528.7 312.8 645.1 329.5 965.1 
 29 569.7 339.1 1038.7   471.4 323.4 633.9 611.6 
 
581.5 281.5 375.4 603.1 304.3 317.2 
 30 2122.0 346.4 1691.6   315.1 340.6 315.9 2167.2 
 
738.7 574.7 302.5 2558.9 2292.0 592.2 
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A/A S043 S050 S052 S055 
1 598.0 2282.1 657.5 321.0 670.3 321.6 282.1 316.6 327.5 367.7 303.0 596.0 738.4 653.1 226.7 
2 736.2 310.6 890.0 495.6 640.6 844.9 283.3 604.7 306.8 309.9 308.2 285.0 292.4 794.4 297.9 
3 391.1 509.8 524.6 342.8 364.6 293.2 305.4 374.0 328.6 353.0 308.4 659.5 726.4 428.7 302.3 
4 2624.5 710.4 472.8 333.5 483.6 2116.8 326.1 313.8 974.9 302.7 309.4 669.9 648.7 632.8 325.0 
5 336.6 2653.9 348.8 362.5 333.6 312.5 347.5 319.8 334.6 447.1 310.3 1983.9 700.5 2566.6 573.2 
6 274.7 391.9 482.6 719.3 1870.6 863.7 536.6 312.7 317.5 327.7 311.0 681.7 787.5 630.4 757.8 
7 637.3 2210.8 318.3 615.4 491.5 2497.1 567.9 304.6 309.1 302.4 311.5 1109.5 664.0 969.8 925.3 
8 842.7 315.9 748.2 416.7 724.5 2022.0 574.8 307.4 316.5 307.8 312.1 907.4 809.6 515.3 988.0 
9 597.6 298.2 366.4 605.0 644.6 319.9 591.2 316.8 299.8 323.9 312.3 660.3 273.7 2482.8 
 10 682.4 310.7 1888.8 614.6 890.9 391.4 
 
312.4 540.3 315.6 313.5 646.2 493.9 310.0 
 11 1735.9 320.9 667.5 689.4 305.6 311.8 
 
328.0 300.1 1978.5 314.6 851.2 384.9 2127.3 
 12 1793.6 657.6 337.9 664.4 322.0 1895.8 
 
307.8 336.6 320.5 314.8 725.8 356.1 930.2 
 13 337.9 318.2 402.5 611.6 612.3 354.4 
 
311.0 635.1 544.9 315.9 315.4 340.7 644.4 
 14 1909.2 592.2 2477.3 311.8 531.1 302.5 
 
317.0 326.6 326.4 321.8 641.5 675.6 2585.1 
 15 346.3 262.7 2634.3 650.2 917.7 564.0 
 
316.3 329.0 313.1 322.1 1830.5 1937.5 2597.1 
 16 327.4 2565.8 325.0 329.9 606.3 338.3 
 
316.7 309.8 310.1 325.7 825.2 478.4 457.9 
 17 553.9 666.7 644.9 391.1 384.7 430.8 
 
320.0 323.1 304.4 328.8 2715.9 1923.4 655.8 
 18 578.1 1003.4 794.4 643.6 348.6 572.2 
 
314.3 295.6 310.5 331.4 307.6 1036.8 1886.8 
 19 364.4 323.7 906.7 537.8 483.5 303.9 
 
319.1 323.7 316.9 351.9 330.2 2648.3 594.5 
 20 1876.3 311.9 1007.8 350.6 1811.5 1745.6 
 
994.8 1405.5 315.4 357.5 1198.7 313.5 2638.8 
 21 736.1 325.4 660.2 311.8 549.6 663.1 
 
313.0 313.2 307.6 366.1 474.3 310.5 940.7 
 22 245.0 1849.8 599.2 364.7 357.5 349.0 
 
308.7 313.4 323.2 366.9 1981.9 468.4 1932.4 
 23 1952.6 751.9 609.8 2772.5 684.1 616.7 
 
312.2 325.0 308.4   237.2 874.9 700.4 
 24 341.4 1962.2 576.0 460.1 480.1 334.4 
 
309.7 333.1 312.6   2672.2 1055.6 680.0 
 25 318.1 643.3 593.6 323.1 575.8 482.9 
 
305.2 539.4 300.6   658.4 634.1 716.0 
 26 351.9 2896.3 496.8 729.9 459.8 1989.9 
 
302.7 333.2 315.9   703.2 2962.2 462.1 
 27 500.9 697.0 568.9 793.8 319.4 1055.2 
 
325.1 336.0 313.9   312.3 333.0 343.4 
 28 585.3 343.3 475.6 317.0 542.4 623.6 
 
334.3 318.0 322.5   621.1 333.7 471.4 
 29 357.7 480.5 388.4 
 
714.5 598.9 
 
317.5 305.4 321.5   932.8 681.5 660.3 
 30 316.4 724.9 623.5  747.9 671.4 
 
318.8 635.9 322.7   763.6 617.6 301.7 
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A/A S057 S070 S073 S075 
1 706.5 337.4 370.8 335.4 1008.4 314.8 302.4 443.9 795.5 1915.5 654.0 642.2 372.4 341.1 307.5 545.4 645.6 353.3 1984.1 
2 988.0 359.7 307.0 654.7 1089.5 319.6 462.9 309.0 309.5 1897.5 998.5 719.7 1979.0 635.9 1938.6 334.3 389.2 438.6 1976.6 
3 637.7 381.0 317.7 311.1 2284.3 295.9 660.1 294.5 304.6 2689.7 1672.0 650.2 1830.3 374.2 1882.7 654.6 376.7 365.6 2287.8 
4 560.5 515.3 669.1 360.4  2578.5 305.3 681.5 310.3 944.2 1036.3 628.2 373.8 349.8 709.2 1007.3 581.3 453.4 620.2 375.7 
5 476.4 940.7 340.6 367.2  2574.5 316.3 303.6 900.1 328.6 311.3 1893.8 725.4 387.8 359.3 639.2 375.0 615.0 833.0 815.0 
6 969.0 653.1 324.2 473.2 2625.6 599.7 309.2 300.6 307.6 324.1 507.9 609.8 1788.1 2727.3 324.2 418.4 340.0 753.6 336.3 
7 646.7 680.0 298.4 300.8 2040.9 316.5 311.5 518.3 359.3 309.1 967.2 877.3 512.6 356.8 373.1 486.6 487.0 544.5 498.7 
8 643.9 462.1 395.0 319.0  2674.7 300.1 319.7 322.1 991.1 2383.0 465.7 304.1 2689.2 349.1 623.3 545.5 308.9 385.2 1858.4 
9 658.3 930.2 619.1 412.6  1085.8 998.8 298.6 314.8 338.7 314.2 349.0 2509.1 698.6 573.1 656.4 334.5 314.8 493.0 366.0 
10 573.2 594.5 324.8 324.5  1067.1 306.5 342.8 350.3 621.8 391.2 474.9 394.2 477.4 334.3 473.8 614.4 669.7 754.6 2741.2 
11 384.9 343.4 353.7 645.5 2589.7 609.8 354.5 310.9 472.3 661.9 2673.4 554.5 2606.1 2324.2 628.6 489.3 586.0 313.8 1037.9 
12 629.4 457.9 366.0 975.5 2638.8 315.3 584.9 310.9 308.8 1961.0 1052.1 1055.0 371.3 507.5 484.1 311.4 341.4 702.8 2595.8 
13 838.8 428.7 579.4 751.3 1886.8 309.4 546.7 460.4 509.3 2056.0 429.9 1888.3 2038.4 992.5 785.0 569.5 635.5 672.9 1748.9 
14 302.3 714.7 546.5 525.6 1932.4 338.5 339.3 598.7 580.2 1009.5 655.9 370.5 2696.0 345.8 336.5 854.4 324.8 468.2 2182.4 
15 315.0 963.5 471.8 630.2 2566.6 301.0 543.8 335.6 307.3 1013.1 2121.8 617.7 494.5 355.3 314.0 848.1 725.6 572.1 2014.7 
16 339.9 
 
997.4 377.6 2597.1 760.6 306.2 304.8 309.2 2041.3 330.5 554.6 2060.3 2632.9 477.5 575.8 333.4 426.1 1945.3 
17 281.6 969.8 314.5 692.5 2127.3 319.1 368.6 348.3 625.7 2442.0 322.7 640.3 549.9 639.6 476.7 842.7 614.1 655.2 1030.8 
18 474.4 655.8 553.2 328.8 2482.8 313.7 308.5 303.6 300.8 1863.5 2635.2 1893.5 2457.7 406.1 1829.5 623.2 353.5 305.9 2016.4 
19 580.4 632.8 318.1 364.3 1741.8 297.8 315.6 308.9 307.2 2122.1 490.4 2443.9 362.4 940.6 296.4 310.2 342.5 479.3 1979.0 
20 297.9 310.0 343.6 459.5 
 
931.0 302.0 476.1 597.3 2828.7 351.8 2897.7 320.6 344.4 412.6 515.8 934.0 648.0 1085.3 
21 329.3 716.0 269.0 504.1 
 
321.0 300.8 302.8 300.2 
 
539.1 657.1 2736.3  672.7 558.1 580.3 621.6 789.5 1098.2 
22 827.5 471.4 331.3 329.8 
 
448.3 305.7 301.7 617.4 
 
641.1 2654.0 820.2 907.4 360.8 342.2 363.3 580.5 1669.1 
23 226.7 794.4 340.4 936.4 
 
310.3 319.6 315.6 479.7 
 
535.0 543.2 359.9 615.3 641.7 440.5 595.3 706.6 
 24 700.1 660.3 303.3 728.9 
 
298.8 309.0 478.6 303.6 
 
331.8 1107.4 633.3 416.9 
 
733.7 772.3 317.2 
 25 891.7 630.4 305.2 352.7 
 
741.3 329.7 302.2 631.0 
 
1036.6 2053.0 496.5 721.8 
 
307.0 636.8 662.5 
 26 708.4 644.4 961.3 440.6 
 
314.7 313.5 688.5 299.9 
 
1952.2 636.8 521.3 338.5 
 
304.8 359.4 451.9 
 27 757.8 664.7 313.8 244.0 
 
292.4 316.9 309.2 299.3 
 
2120.0 629.5 627.6 612.1 
 
310.4 323.8 472.4 
 28 301.7 329.9 332.2 2490  296.8 315.4 314.2 361.3 
 
648.8 301.6 356.4 890.4  588.8 370.1 496.7 
 29 309.1 925.3 520.0 2759   300.7 310.8 609.3 315.2 
 
2582.9 637.8 2357.3 496.2   345.6 962.1 498.6 
 30 339.2 325.0 300.3 1021   272.8 349.1 305.2 300.0 
 
742.8 542.1 353.5 342.3   993.1 546.4 326.4 
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A/A S083 S092 S096 S103 
1 289.3 279.8 222.1 345.1 274.4 295.0 219.4 278.5 302.7 307.1 310.9 299.2 314.9 95.9 309.5 
2 302.8 292.1 288.4 353.8 283.2 295.4 292.9 281.8 339.0 448.7 311.9 346.2 315.0 310.3 310.2 
3 305.3 324.4 291.6 358.3 285.4 296.8 325.4 300.2 427.1 470.0 315.4 348.8 322.4 312.2 324.6 
4 306.2 340.6 295.8 381.8 293.6 303.0 330.4 309.5 442.4 514.6 318.0 354.3 325.0 319.6 325.6 
5 311.2 343.6 299.0 435.9 296.0 303.5 921.0 323.4 508.1 536.7 321.7 363.5 325.9 324.5 331.9 
6 330.3 347.3 335.3 466.6 298.9 306.8 2627.4 388.9 520.7 550.0 339.3 367.4 327.1 336.1 335.9 
7 341.7 357.3 350.9 475.9 299.7 311.4 
 
430.6 553.1 594.7 346.8 378.0 369.1 359.7 349.2 
8 345.0 357.5 350.9 498.9 301.2 313.0 
 
437.1 558.0 595.9 352.2 379.2 415.4 361.9 391.8 
9 352.2 372.8 427.4 508.2 302.4 315.0 
 
440.3 558.7 614.2 354.7 379.8 428.0 366.3 436.7 
10 379.4 454.3 469.7 559.9 304.2 319.2 
 
469.2 561.3 615.3 363.8 380.1 480.3 370.3 574.0 
11 440.5 604.7 519.2 571.3 314.6 319.5 
 
478.5 578.3 616.6 368.5 457.1 503.5 371.9 655.6 
12 456.2 619.7 528.5 584.3 315.3 322.2 
 
493.5 592.9 627.6 384.0 482.4 514.5 385.8 662.1 
13 477.1 620.8 541.1 611.3 316.5 349.3 
 
526.0 594.1 642.1 495.3 494.4 526.9 409.5 717.7 
14 478.9 627.9 576.9 716.9 322.9 355.5 
 
539.4 595.6 655.1 544.6 527.9 559.8 510.6 719.6 
15 512.4 629.3 585.7 888.3 326.2 454.3 
 
541.3 598.7 666.8 548.1 557.2 563.2 566.2 794.4 
16 515.0 647.3 601.3 911.5 327.1 507.6 
 
558.0 599.0 691.2 563.7 557.7 612.4 589.8 981.6 
17 551.8 651.0 606.7 1116.3 329.2 526.2 
 
593.2 601.3 734.0 606.1 573.3 631.0 621.8 989.1 
18 563.9 657.0 625.2 2644.0 330.3 551.4 
 
603.4 612.2 751.8 628.0 603.2 655.8 634.6 1832.6 
19 571.5 696.5 642.7   347.9 552.2 
 
608.7 634.8 776.6 643.4 624.0 659.8 638.0 2064.6 
20 594.3 740.3 642.9   380.2 606.1 
 
644.6 645.2 1842.1 678.0 634.0 666.4 648.4 2655.1 
21 606.0 902.9 655.9   395.1 610.2 
 
679.7 709.2 1929.0 684.4 642.7 667.1 655.4 2867.6 
22 616.2 964.5 712.4   497.0 635.4 
 
689.7 722.7   731.7 753.7 759.6 660.6 
 23 623.1 969.4 825.8   549.3 802.9 
 
708.0 762.6   900.5 820.2 825.2 667.3 
 24 627.2 975.7 942.4   592.8 853.0 
 
843.9 855.4   909.0 1005.0 934.6 674.0 
 25 633.1 990.3 948.7   631.7 1014.2 
 
861.6 896.8   1005.9 1009.5 995.5 696.9 
 26 678.5 991.3 1970.9   675.1 1024.5 
 
986.8 918.5   1850.6 1045.6 1522.5 1889.1 
 27 719.2 1104.0 2009.6   769.1 1915.8 
 
991.9 989.4   1894.1 1949.2 1904.9 2012.1 
 28 780.4 1913.5 2628.0   776.6 1930.6 
 
2442.0 1192.3   2009.6 2026.7 1993.7 2104.3 
 29 869.8 1933.4 2998.8   991.9 1996.3 
 
2447.8 2454.2   2029.9 2083.4 2624.6 2168.7 
 30 927.5 1959.6     1785.1 2565.8 
 
2676.4 2548.7   2134.4 2872.6 2790.3 2403.8 
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A/A S116 S118 
 1 993.2 607.6 692.0 361.0 504.6 100.5 275.8 
2 363.0 1712.1 588.5 2284.3 528.0 115.6 278.1 
3 563.2 537.8 551.2 576.6 539.6 244.6 278.9 
4 627.1 601.0 589.2 508.4 548.0 279.1 286.1 
5 586.2 1451.6 446.9 531.0 563.9 283.5 287.3 
6 557.0 317.8 470.8 708.9 591.9 287.4 290.3 
7 562.5 596.4 554.6 558.7 717.6 288.2 294.4 
8 394.1 980.1 503.3 387.2 1770.7 288.7 299.7 
9 394.3 605.8 747.2 556.7   293.5 302.3 
10 580.9 554.8 570.2 675.4   295.3 306.7 
11 531.5 584.9 303.8 480.2   297.3 310.0 
12 428.7 417.8 475.6 506.6   297.4 312.0 
13 732.8 492.1 435.0 562.9   302.7 312.5 
14 539.7 546.0 528.5 1538.1   304.2 314.6 
15 657.5 571.1 413.3 420.6   304.6 314.9 
16 87.5 549.4 497.4 446.3   305.9 316.3 
17 394.5 637.6 576.0 755.3   310.7 318.4 
18 512.5 533.5 905.7 718.3   316.2 325.9 
19 508.9 650.2 694.7 1691.2   320.7 327.7 
20 306.9 523.9 397.4 946.1   321.8 443.6 
21 313.5 578.6 525.7 420.6   361.1 473.6 
22 563.2 1605.4 567.2 550.8   410.4 
 23 600.0 563.2 775.7 370.3   571.2 
 24 647.1 640.3 546.2 528.0   711.5 
 25 592.8 549.3 509.1 529.1   905.7 
 26 2632.6 565.9 504.2 676.0   1854.2 
 27 571.3 445.8 553.8 521.7   538.0 
 28 710.8 551.9 753.0 449.4   1044.4 
 29 577.3 296.8 480.6 342.6   2091.9 
 30 543.6 592.7 355.5 544.6   509.6 
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Figure 9-4: Sis and Lascuarre U/Pb detrital age kernel density signals and histograms of the full spectrum of ages and peak fitting of the main age 
components. Numbers on each diagram correspond to samples in figure 3-12. 
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Figure 9-5: Detrital Zircon U/Pb ages and peak fitting for Gurp, Viacamp and Ainsa regions. 
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Figure 9-6: Sis and Lascuarre U/Pb detrital age signals of ages younger than 1000 Myrs and peak fitting of the main age components. 
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Figure 9-7: Detrital Zircon U/Pb ages and of ages younger than 1000 Myrs peak fitting for Gurp, Viacamp and Ainsa regions.  
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Figure 9-8: This is an example of reconstruction of a structural cross-section from Jolley (PhD thesis) 1987. These reconstructed sections were the basis for 
estimating the original and unfolded width of the Escanilla sediment routing system in Jaca basin along with reconstructed sections from Teixell 1998 and 
Turner (PhD thesis ) 1988. 
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9.2 Appendix II: Chapter 4 
Figure 9-9: Radial Plots for all samples dated. Localities of samples are shown in map in figure 4-1. 
And co-ordinates can be found in table 9-1 
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9.3 Appendix III: Chapter 5 
Table 9-5: Sediment discharge Qs (left panel in m
3 
per interval and right panel in km
3
/Myr) of interval 1  in every 10 km of the system. The sediment 
discharge is subdivided in total, conglomeratic, sandstone and fine fraction of Qs. For interval 1 two models are presented as discussed in chapter 5. Rows 
that are shadowed signify confluence zones with +Qi signifying which subsidary input point from figure 5.9. Estimated sediment discharge of those additional 
inputs are also presented here. 
Interval 1 model 1 (m
3
) 
 
Interval 1 model 1 (km
3
/Myr) 
  
Total Cong Sst fines 
   
Total Cong Sst fines 
Sis 0 2.63E+11 2.05E+10 6.16E+10 1.81E+11 
 
Sis 0 105.347424 8.195261 24.6335 72.51866 
Q2 10 2.62E+11 1.94E+10 6.14E+10 1.81E+11 
 
Q2 10 104.605289 7.770182 24.54663 72.28847 
 
20 2.53E+11 1.64E+10 5.93E+10 1.77E+11 
  
20 101.126785 6.576193 23.73939 70.8112 
 
30 2.41E+11 1.33E+10 5.62E+10 1.71E+11 
  
30 96.3766643 5.31313 22.46745 68.59608 
Gurp 0 3.52E+11 2.74E+10 8.24E+10 2.43E+11 
 
Gurp 0 140.920882 10.96262 32.95168 97.00658 
Q1 10 3.5E+11 2.6E+10 8.21E+10 2.42E+11 
 
Q1 10 139.928144 10.394 32.83548 96.69867 
 
20 3.38E+11 2.2E+10 7.94E+10 2.37E+11 
  
20 135.275028 8.796826 31.75565 94.72255 
 
30 3.22E+11 1.78E+10 7.51E+10 2.29E+11 
 
  30 128.920898 7.107255 30.0542 91.75944 
Qs 40 5.43E+11 2.69E+10 1.26E+11 3.9E+11 
 
Qs 40 217.226499 10.76352 50.41843 156.0445 
 
50 5.32E+11 2.56E+10 1.24E+11 3.83E+11 
  
50 212.939002 10.22911 49.47737 153.2325 
 
60 5.15E+11 2.17E+10 1.21E+11 3.73E+11 
  
60 206.165569 8.667441 48.23485 149.2633 
 
70 4.82E+11 1.48E+10 1.13E+11 3.54E+11 
  
70 192.706186 5.915487 45.03613 141.7546 
 
80 4.31E+11 4.93E+09 9.97E+10 3.27E+11 
  
80 172.53087 1.971398 39.86683 130.6926 
 
90 3.87E+11 8.93E+08 7.92E+10 3.06E+11 
  
90 154.624682 0.357264 31.6887 122.5787 
 
100 3.65E+11 2.84E+08 7E+10 2.95E+11 
  
100 146.032661 0.113427 27.98927 117.93 
 
110 3.27E+11 95336528 5.49E+10 2.72E+11 
  
110 130.659913 0.038135 21.97597 108.6458 
 
120 2.59E+11 7228836 2.78E+10 2.31E+11 
  
120 103.496605 0.002892 11.11229 92.38142 
 
130 1.81E+11 -7.63E-06 4.57E+08 1.8E+11 
  
130 72.232462 0 0.182636 72.04983 
 
140 1.37E+11 0 0 1.37E+11 
  
140 54.8971728 0 0 54.89717 
 
150 8.9E+10 0 0 8.9E+10 
  
150 35.5834462 0 0 35.58345 
 
160 3.5E+10 -7.63E-06 -3.05E-05 3.5E+10 
 
  160 14.0135829 0 0 14.01358 
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Interval 1 model 2 (m
3
) 
 
Interval 1 model 2 km
3
/Myr 
  
Total Cong Sst fines 
   
Total Cong Sst fines 
Sis 0 2.37E+11 1.84E+10 5.54E+10 1.63E+11 
 
Sis 0 94.8126818 7.375735 22.17015 65.26679 
Q2 10 2.35E+11 1.75E+10 5.52E+10 1.63E+11 
 
Q2 10 94.1447599 6.993164 22.09197 65.05963 
 
20 2.28E+11 1.48E+10 5.34E+10 1.59E+11 
  
20 91.0141062 5.918574 21.36545 63.73008 
 
30 2.17E+11 1.2E+10 5.06E+10 1.54E+11 
  
30 86.7389979 4.781817 20.22071 61.73648 
Gurp 0 3.17E+11 2.47E+10 7.41E+10 2.18E+11 
 
Gurp 0 126.828794 9.866355 29.65651 87.30592 
Q1 10 3.15E+11 2.34E+10 7.39E+10 2.18E+11 
 
Q1 10 125.93533 9.354598 29.55193 87.0288 
 
20 3.04E+11 1.98E+10 7.15E+10 2.13E+11 
  
20 121.747525 7.917143 28.58009 85.2503 
 
30 2.9E+11 1.6E+10 6.76E+10 2.06E+11 
 
  30 116.028808 6.39653 27.04878 82.5835 
+Q3 40 4.81E+11 2.21E+10 1.12E+11 3.48E+11 
 
+Q3 40 192.599669 8.847735 44.65992 139.092 
 
50 4.78E+11 2.29E+10 1.11E+11 3.44E+11 
  
50 191.216352 9.15276 44.43553 137.6281 
+Q4 60 4.61E+11 1.9E+10 1.08E+11 3.34E+11 
 
+Q4 60 184.442919 7.591089 43.19301 133.6588 
 
70 4.34E+11 1.33E+10 1.01E+11 3.19E+11 
  
70 173.435567 5.323938 40.53252 127.5791 
+Q5 80 3.83E+11 3.45E+09 8.84E+10 2.91E+11 
 
+Q5 80 153.260252 1.379849 35.36322 116.5172 
 
90 3.54E+11 8.84E+08 7.37E+10 2.79E+11 
  
90 141.558691 0.353451 29.49111 111.7141 
 
100 3.32E+11 2.74E+08 6.45E+10 2.68E+11 
  
100 132.96667 0.109613 25.79167 107.0654 
 
110 2.94E+11 85802875 4.94E+10 2.44E+11 
  
110 117.593922 0.034321 19.77837 97.78123 
 
120 2.59E+11 7228836 2.78E+10 2.31E+11 
  
120 103.496605 0.002892 11.11229 92.38142 
+Q6 130 1.81E+11 -7.63E-06 4.57E+08 1.8E+11 
 
+Q6 130 72.232462 0 0.182636 72.04983 
Qs 140 1.37E+11 0 0 1.37E+11 
 
Qs 140 54.8971728 0 0 54.89717 
 
150 8.9E+10 0 0 8.9E+10 
  
150 35.5834462 0 0 35.58345 
 
160 3.5E+10 -7.63E-06 -3.05E-05 3.5E+10 
 
  160 14.0135829 0 0 14.01358 
Q3 40 7.26E+09 2.1E+09 1.79E+09 3.37E+09 
 
Q3 40 2.90418072 0.839436 0.716675 1.34807 
Q4 60 6.13E+09 1.21E+09 1.35E+09 3.57E+09 
 
Q4 50 2.45203136 0.484804 0.538231 1.428997 
Q5 80 1.55E+10 1.47E+09 5.77E+09 8.28E+09 
 
Q5 90 6.20462728 0.587735 2.306016 3.310876 
Q6 130 3.27E+10 9533653 5.49E+09 2.72E+10 
 
Q6 130 13.0659913 0.003813 2.197597 10.86458 
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Table 9-6: Sediment discharge Qs (left panel in m
3 
per interval and right panel in km
3
/Myr) of interval 2 in every 10 km of the system. The sediment 
discharge is subdivided in total, conglomeratic, sandstone and fine fraction of Qs. For interval 1 two models are presented as discussed in chapter 5. Rows 
that are shadowed signify confluence zones with +Qi signifying which subsidary input point from figure 5.9. Estimated sediment discharge of those additional 
input points are also presented here. 
Interval 2 model 1 (m
3
) 
 
Interval 2 model 1 km
3
/Myr 
  
Total Cong Sst fines 
  
x(km) Total Cong Sst fines 
Sis 0 8.94E+11 4.17E+10 1.94E+11 6.59E+11 
 
Sis 0 343.7928 16.05362 74.46635 253.2728 
Q2 10 8.89E+11 3.7E+10 1.93E+11 6.58E+11 
 
Q2 10 341.8743 14.21539 74.41314 253.2458 
 
20 8.68E+11 2.55E+10 1.88E+11 6.54E+11 
  
20 333.8495 9.808488 72.31506 251.726 
 
30 8.48E+11 2E+10 1.82E+11 6.47E+11 
  
30 326.2208 7.69678 69.86637 248.6577 
Gurp 0 7.17E+11 3.35E+10 1.55E+11 5.28E+11 
 
Gurp 0 275.6739 12.87277 59.71164 203.0895 
Q1 10 7.13E+11 2.96E+10 1.55E+11 5.28E+11 
 
Q1 10 274.1356 11.39876 59.66897 203.0679 
 
20 6.96E+11 2.04E+10 1.51E+11 5.25E+11 
  
20 267.7008 7.865041 57.98661 201.8492 
  30 6.8E+11 1.6E+10 1.46E+11 5.18E+11 
  
30 261.5837 6.171745 56.0231 199.3888 
Qs 40 1.5E+12 3.18E+10 3.18E+11 1.15E+12 
 
Qs 40 577.7456 12.22076 122.3287 443.1961 
 
50 1.49E+12 2.94E+10 3.14E+11 1.14E+12 
  
50 572.2517 11.29936 120.7193 440.233 
 
60 1.47E+12 2.59E+10 3.11E+11 1.14E+12 
  
60 566.8215 9.971184 119.6519 437.1984 
 
70 1.45E+12 1.91E+10 3.05E+11 1.12E+12 
  
70 557.4272 7.32731 117.4543 432.6456 
 
80 1.41E+12 8.71E+09 2.97E+11 1.11E+12 
  
80 544.0341 3.348721 114.1131 426.5723 
 
90 1.38E+12 2.65E+09 2.85E+11 1.09E+12 
  
90 530.7325 1.017558 109.4868 420.2281 
 
100 1.3E+12 1.31E+09 2.63E+11 1.03E+12 
  
100 498.6115 0.504521 101.3414 396.7656 
 
110 1.14E+12 4.41E+08 2.27E+11 9.12E+11 
  
110 438.1986 0.169623 87.37743 350.6515 
 
120 9.09E+11 33440000 1.76E+11 7.33E+11 
  
120 349.4936 0.012862 67.59489 281.8859 
 
130 6.34E+11 0.00E+00 1.2E+11 5.14E+11 
  
130 243.7232 0 46.13027 197.5929 
 
140 4.1E+11 0 8.58E+10 3.25E+11 
  
140 157.8256 0 33.00149 124.8241 
 
150 2.24E+11 0 5.25E+10 1.71E+11 
  
150 86.07952 0 20.17798 65.90154 
 
160 7.37E+10 0.00E+00 1.95E+10 5.41E+10 
  
160 28.33824 0 7.518152 20.82009 
 
170 8.12E+08 0.00E+00 0 8.12E+08 
  
170 0.312404 0 0 0.312404 
 
180 5.96E+08 0.00E+00 0 5.96E+08 
  
180 0.229096 0 0 0.229096 
 
190 3.79E+08 0.00E+00 0.00E+00 3.79E+08 
  
190 0.145788 0 0 0.145788 
  200 1.62E+08 0.00E+00 0 1.62E+08 
 
  200 0.062481 0 0 0.062481 
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Interval 2 model 2 (m
3
) 
 
Interval 2 model 2 km
3
/Myr 
  
Total Cong Sst fines 
  
x(km) Total Cong Sst fines 
Sis 0 8.04E+11 3.76E+10 1.74E+11 5.93E+11 
 
Sis 0 309.4135 14.44826 67.01972 227.9455 
Q2 10 8E+11 3.33E+10 1.74E+11 5.93E+11 
 
Q2 10 307.6869 12.79385 66.97182 227.9212 
 
20 7.81E+11 2.3E+10 1.69E+11 5.89E+11 
  
20 300.4646 8.827639 65.08356 226.5534 
 
30 7.63E+11 1.8E+10 1.63E+11 5.82E+11 
  
30 293.5988 6.927102 62.87974 223.7919 
Gurp 0 6.45E+11 3.01E+10 1.4E+11 4.75E+11 
 
Gurp 0 248.1065 11.58549 53.74048 182.7806 
Q1 10 6.41E+11 2.67E+10 1.4E+11 4.75E+11 
 
Q1 10 246.722 10.25888 53.70207 182.7611 
 
20 6.26E+11 1.84E+10 1.36E+11 4.72E+11 
  
20 240.9307 7.078537 52.18795 181.6643 
  30 6.12E+11 1.44E+10 1.31E+11 4.67E+11 
  
30 235.4253 5.554571 50.42079 179.4499 
+Q3 40 1.34E+12 2.43E+10 2.83E+11 1.03E+12 
 
+Q3 40 515.7989 9.328123 108.9109 397.5599 
 
50 1.34E+12 2.62E+10 2.82E+11 1.03E+12 
  
50 514.4771 10.07728 108.4864 395.9134 
+Q4 60 1.32E+12 2.27E+10 2.79E+11 1.02E+12 
 
+Q4 60 509.047 8.749107 107.4191 392.8788 
 
70 1.3E+12 1.71E+10 2.75E+11 1.01E+12 
  
70 501.6845 6.594579 105.7089 389.381 
+Q5 80 1.27E+12 6.8E+09 2.66E+11 9.97E+11 
 
+Q5 80 488.2913 2.61599 102.3676 383.3077 
 
90 1.27E+12 2.6E+09 2.62E+11 1E+12 
  
90 486.9126 1.000596 100.749 385.163 
 
100 1.18E+12 1.27E+09 2.41E+11 9.4E+11 
  
100 454.7917 0.487559 92.60366 361.7005 
 
110 1.03E+12 3.97E+08 2.04E+11 8.21E+11 
  
110 394.3787 0.15266 78.63969 315.5864 
 
120 8.86E+11 33440000 1.71E+11 7.16E+11 
  
120 340.8857 0.012862 65.57709 275.2957 
+Q6 130 6.11E+11 0.00E+00 1.15E+11 4.97E+11 
 
+Q6 130 235.1152 0 44.11247 191.0027 
 
140 3.88E+11 0 8.06E+10 3.07E+11 
  
140 149.2176 0 30.98369 118.2339 
 
150 2.01E+11 0 4.72E+10 1.54E+11 
  
150 77.47157 0 18.16018 59.31139 
 
160 5.13E+10 1.53E-05 1.43E+10 3.7E+10 
  
160 19.73029 5.87E-15 5.500354 14.22994 
+Q7 170 -2.2E+10 1.53E-05 -5.2E+09 -1.6E+10 
 
+Q7 170 -8.29555 5.87E-15 -2.0178 -6.27775 
 
180 5.96E+08 1.53E-05 0 5.96E+08 
  
180 0.229096 5.87E-15 0 0.229096 
 
190 3.79E+08 1.53E-05 -6.10E-05 3.79E+08 
  
190 0.145788 5.87E-15 -2.3E-14 0.145788 
  200 1.62E+08 0.00E+00 0 1.62E+08 
 
  200 0.062481 0 0 0.062481 
Qs1 40 1.08E+10 4.34E+09 3.08E+09 3.42E+09 
 
Qs1 40 4.172118 1.670563 1.184931 1.316624 
Qs2 60 5.28E+09 1.27E+09 1.27E+09 2.74E+09 
 
Qs2 50 2.031838 0.489345 0.487436 1.055056 
Qs3 80 3.1E+10 1.86E+09 7.82E+09 2.13E+10 
 
Qs3 90 11.92286 0.715769 3.007688 8.199402 
Qs4 130 9.16E+10 44101895 1.75E+10 7.4E+10 
 
Qs4 130 35.21191 0.016962 6.719945 28.475 
Qs5 170 2.24E+10 0 5.25E+09 1.71E+10 
 
Qs5 170 8.607952 0 2.017798 6.590154 
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Table 9-7 : Sediment discharge Qs (left panel in m
3 
per interval and right panel in km
3
/Myr) of interval 3 in every 10 km of the system. The sediment 
discharge is subdivided in total, conglomeratic, sandstone and fine fraction of Qs. For interval 3 two models are presented as discussed in chapter 5. Rows 
that are shadowed signify confluence zones with +Qi signifying which subsidary input point from figure 5.9. Estimated sediment discharge of those additional 
input points are also presented here 
Interval 3 model 1 (m
3
) 
 
Interval 3 model 1 km
3
/Myr 
 
x(km) Total Cong Sst fines 
  
x(km) Total Cong Sst fines 
Sis 0 8.56E+11 1.23E+11 2.34E+11 4.98E+11 
 
Sis 0 329.1986 47.14911 90.16047 191.7238 
Q2 10 8.45E+11 1.12E+11 2.34E+11 4.98E+11 
 
Q2 10 324.9135 42.94583 90.11832 191.6841 
 
20 8.33E+11 1.01E+11 2.34E+11 4.98E+11 
  
20 320.3378 38.78978 89.85475 191.528 
 
30 8.24E+11 9.34E+10 2.33E+11 4.97E+11 
  
30 316.8004 35.93026 89.57417 191.1307 
 
40 8.16E+11 8.85E+10 2.32E+11 4.95E+11 
  
40 313.8727 34.02982 89.21317 190.4644 
Gurp 0 6.48E+11 9.28E+10 1.78E+11 3.77E+11 
 
Gurp 0 249.2849 35.70356 68.27383 145.1824 
Q1 10 6.4E+11 8.46E+10 1.77E+11 3.77E+11 
 
Q1 10 246.0401 32.52064 68.24191 145.1524 
 
20 6.31E+11 7.64E+10 1.77E+11 3.77E+11 
  
20 242.5751 29.37348 68.04232 145.0341 
 
30 6.24E+11 7.07E+10 1.76E+11 3.76E+11 
  
30 239.8964 27.20811 67.82985 144.7333 
 
40 6.18E+11 6.7E+10 1.76E+11 3.75E+11 
 
  40 237.6794 25.76901 67.55648 144.2288 
conf1 50 1.42E+12 1.51E+11 4.06E+11 8.66E+11 
 
Qs 50 547.4409 58.12138 155.9843 333.0448 
 
60 1.41E+12 1.45E+11 4.01E+11 8.59E+11 
  
60 540.6113 55.80984 154.0904 330.4206 
 
70 1.37E+12 1.33E+11 3.91E+11 8.49E+11 
  
70 528.578 51.3432 150.4537 326.4907 
 
80 1.33E+12 1.16E+11 3.77E+11 8.35E+11 
  
80 511.341 44.72146 145.0742 321.255 
 
90 1.27E+12 9.13E+10 3.57E+11 8.2E+11 
  
90 488.145 35.11423 137.27 315.4703 
 
100 1.18E+12 6.51E+10 3.34E+11 7.85E+11 
  
100 455.4536 25.05494 128.2816 301.8267 
 
110 1.07E+12 3.91E+10 3.08E+11 7.26E+11 
  
110 412.9548 15.02733 118.398 279.2391 
conf2 120 9.38E+11 1.31E+10 2.8E+11 6.44E+11 
  
120 360.6485 5.031383 107.6191 247.7076 
 
130 1.04E+12 3.52E+09 3.16E+11 7.21E+11 
  
130 400.4874 1.35542 121.4837 277.2852 
 
140 8.47E+11 2.87E+09 2.47E+11 5.96E+11 
  
140 325.5813 1.10444 94.96747 229.1464 
 
150 6.4E+11 1.86E+09 1.89E+11 4.49E+11 
  
150 246.2687 0.717174 72.65431 172.5342 
 
160 4.24E+11 1.46E+09 1.48E+11 2.74E+11 
  
160 163.1932 0.561732 56.75508 105.5134 
 
170 2.28E+11 0.00E+00 7.92E+10 1.48E+11 
  
170 87.65136 0 30.46167 56.86161 
 
180 1.25E+11 -6.10E-05 4.34E+10 8.10E+10 
  
180 48.09325 -2.3E-14 16.69252 31.15928 
 
190 5.28E+10 -3.05E-05 1.83E+10 3.41E+10 
  
190 20.31867 -1.2E-14 7.033568 13.12929 
 
200 1.13E+10 -3.05E-05 3.86E+09 7.21E+09 
  
200 4.327609 -1.2E-14 1.484807 2.771632 
Q3 120 2.68E+11 9.77E+09 7.7E+10 1.82E+11 
 
Q3 120 103.2387 3.756832 29.5995 69.80978 
Interval 3 model 2 (m
3
) 
 
Interval 3 model 2 km3/Myr 
 
x(km) Total Cong Sst fines 
  
x(km) Total Cong Sst fines 
Sis 0 7.91E+11 1.17E+11 2.17E+11 4.57E+11 
 
Sis 0 304.1956 44.97816 83.28612 175.7764 
Q2 10 7.8E+11 1.06E+11 2.16E+11 4.57E+11 
 
Q2 10 299.9105 40.77489 83.24397 175.7367 
 
20 7.68E+11 9.52E+10 2.16E+11 4.57E+11 
  
20 295.3347 36.61884 82.98041 175.5806 
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30 7.59E+11 8.78E+10 2.15E+11 4.55E+11 
  
30 291.7973 33.75932 82.69982 175.1833 
 
40 7.51E+11 8.28E+10 2.14E+11 4.54E+11 
  
40 288.8697 31.85887 82.33882 174.517 
Gurp 0 6.01E+11 8.42E+10 1.65E+11 3.51E+11 
 
Gurp 0 231.0297 32.37604 63.35973 135.1766 
Q1 10 5.92E+11 7.59E+10 1.65E+11 3.51E+11 
 
Q1 10 227.7849 29.19312 63.32781 135.1466 
 
20 5.83E+11 6.77E+10 1.64E+11 3.51E+11 
  
20 224.3199 26.04596 63.12823 135.0284 
 
30 5.76E+11 6.21E+10 1.64E+11 3.5E+11 
  
30 221.6412 23.8806 62.91575 134.7275 
conf1 40 5.71E+11 5.83E+10 1.63E+11 3.49E+11 
 
  40 219.4242 22.44149 62.64239 134.223 
+Qs3 50 1.32E+12 1.46E+11 3.77E+11 7.96E+11 
 
+Qs3 50 507.6765 55.97706 145.0893 306.3379 
+Qs4 60 1.3E+12 1.4E+11 3.72E+11 7.9E+11 
 
+Qs4 60 500.8469 53.66552 143.1954 303.7137 
 
70 1.28E+12 1.29E+11 3.64E+11 7.82E+11 
  
70 490.8454 49.68823 140.0461 300.8388 
+Qs5 80 1.23E+12 1.12E+11 3.5E+11 7.69E+11 
 
+Qs5 80 473.6085 43.06648 134.6666 295.6031 
 
90 1.2E+12 8.89E+10 3.38E+11 7.75E+11 
  
90 462.3353 34.17502 129.8702 298.0178 
 
100 1.12E+12 6.27E+10 3.14E+11 7.39E+11 
  
100 429.644 24.11574 120.8818 284.3742 
 
110 1.01E+12 3.66E+10 2.89E+11 6.81E+11 
  
110 387.1451 14.08812 110.9981 261.7867 
 
120 8.71E+11 1.06E+10 2.61E+11 5.99E+11 
  
120 334.8388 4.092175 100.2192 230.2552 
+Qs6 130 7.06E+11 -8.69E+09 2.2E+11 4.94E+11 
 
+Qs6 130 271.439 -3.34062 84.48438 190.023 
 
140 8.47E+11 2.87E+09 2.47E+11 5.96E+11 
  
140 325.5813 1.10444 94.96747 229.1464 
 
150 6.4E+11 1.86E+09 1.89E+11 4.49E+11 
  
150 246.2687 0.717174 72.65431 172.5342 
 
160 4.24E+11 1.46E+09 1.48E+11 2.74E+11 
  
160 163.1932 0.561732 56.75508 105.5134 
 
170 2.28E+11 0.00E+00 7.92E+10 1.48E+11 
  
170 87.65136 0 30.46167 56.86161 
 
180 1.25E+11 -6.10E-05 4.34E+10 8.10E+10 
  
180 48.09325 -2.3E-14 16.69252 31.15928 
 
190 5.28E+10 -3.05E-05 1.83E+10 3.41E+10 
  
190 20.31867 -1.2E-14 7.033568 13.12929 
 
200 1.13E+10 -3.05E-05 3.86E+09 7.21E+09 
  
200 4.327609 -1.2E-14 1.484807 2.771632 
Q3 50 8.07E+09 6.43E+09 6.37E+08 1E+09 
 
Q3 50 3.104265 2.473129 0.244999 0.386137 
Q4 60 4.9E+09 1.76E+09 1.44E+09 1.7E+09 
 
Q4 50 1.886291 0.677818 0.55306 0.655413 
Q5 80 3.01E+10 9.44E+09 8.33E+09 1.23E+10 
 
Q5 90 11.56231 3.631587 3.205572 4.725155 
Q6 130 3.36E+11 1.22E+10 9.62E+10 2.27E+11 
 
Q6 130 129.0484 4.69604 36.99937 87.26222 
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Figure 9-10: Logged sections and sedimentological raw data acquired from this study and used for 
the analysis from Gurp, Viacamp, Lascuarre and one log from Ainsa. All log localities are shown in 
detail in figure 5.1 in chapter 5. 
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Figure 9-11:Correlation panel through the data aqcuired in this study with schematic logs for Gurp, Viacamp and Lascuarre, subdividing the Escanilla 
stratigraphy in 3 time intervals.  
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9.4 Appendix IV: Chapter 6 
Table 9-8: Grain-size data from Sis, Gurp, Viacamp, Lascuarre and Ainsa localities in the Escanilla 
time interval 1. X (m) is the distance from the apices of the palaeo-feeder systems of Sis and Gurp and 
the median (D50), 84
th
 percentile D84 grain-size and there errors are presented here all in units of 
mm. 
Locality x(m) Log2 D50 D50 (mm) D84(mm) D50 error D84 error 
Sis 
7230 5.8 55.0 132.4 5.5 19.9 
7400 5.2 36.8 70.0 3.7 10.5 
10280 5.2 36.0 87.0 3.6 13.1 
10770 5.3 40.0 105.0 4.0 15.8 
11310 5.0 32.5 95.0 3.2 14.3 
14250 5.3 40.0 102.3 4.0 15.3 
16200 5.2 35.7 106.9 3.6 16.0 
18000 4.6 25.0 56.2 2.5 8.4 
18530 4.6 25.0 71.4 2.5 10.7 
18620 5.0 32.0 79.0 3.2 11.9 
19600 4.8 27.4 64.6 2.7 9.7 
20640 4.8 27.4 60.0 2.7 9.0 
Gurp 
7500 5.5 45.0 76.6 4.5 11.5 
9790 5.2 36.5 79.3 3.6 11.9 
13600 4.9 30.0 62.5 3.0 9.4 
14500 5.0 31.0 65.8 3.1 9.9 
15750 5.0 32.5 62.0 3.3 9.3 
15980 5.0 32.7 87.0 3.3 13.0 
16000 5.1 34.2 75.1 3.4 11.3 
17780 4.9 30.3 66.8 3.0 10.0 
Viacamp 
33000 5.1 35.0 63.5 3.5 9.5 
33560 5.4 41.0 81.5 4.1 12.2 
34830 4.9 28.9 56.0 2.9 8.4 
34970 4.2 17.8 37.4 1.8 5.6 
Lascuarre 
44400 4.9 30.0 62.7 3.0 9.4 
44930 4.9 29.8 64.3 3.0 9.6 
47100 4.5 23.0 35.0 2.3 5.3 
49600 4.4 20.9 52.0 2.1 7.8 
Ainsa 
79370 3.7 13.0 28.5 1.3 4.3 
79630 4.1 16.9 42.0 1.7 6.3 
80320 3.3 10.0 22.7 1.0 3.4 
80470 3.9 14.7 36.0 1.5 5.4 
80740 3.9 15.0 30.1 1.5 4.5 
82000 3.7 13.0 30.0 1.3 6.0 
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Table 9-9: Grain-size data from Sis, Gurp, Viacamp, Lascuarre and Ainsa localities in the Escanilla 
time interval 2. The same data described in table 9-4 are presented here. 
Locality x(m) Log2 D50 D50 (mm) D84(mm) D50 error D84 error 
Sis 
9920 4.6 25.0 85 2.5 17 
10040 4.9 30.3 76.7224 3.03307 15.34448 
10690 5.1 35.0 73.316 3.5 14.6632 
10750 5.2 37.4 80.1896 3.7389 16.03792 
11410 4.9 30.0 89.5748 3 17.91496 
11680 4.8 27.0 82 2.7 16.4 
12630 5.3 38.9 105 3.8907 21 
13170 5.1 34.0 93.1923 3.4 18.63846 
15110 4.6 24.3 70.5781 2.429866 14.11562 
15270 4.9 29.0 78.805 2.9 15.761 
16450 4.5 23.0 60.2 2.3 12.0 
16900 5.0 31.0 71.5 3.1 14.3 
17130 4.6 25.0 83.4 2.5 16.7 
17750 4.7 25.4 70.0 2.5 14.0 
18520 5.1 35.0 72.0 3.5 14.4 
19420 5.0 32.0 67.4 3.2 13.5 
Gurp 
8000 5.5 45.0 100.0 4.5 20.0 
9420 4.7 25.6 63.0 2.6 12.6 
9700 5.6 48.5 120.0 4.8 24.0 
9800 5.4 43.3 83.4 4.3 16.7 
9800 4.9 29.8 64.8 3.0 13.0 
9900 5.3 39.3 81.9 3.9 16.4 
12500 5.0 32.1 71.6 3.2 14.3 
12620 4.7 25.7 57.4 2.6 11.5 
15500 5.0 32.8 72.0 3.3 14.4 
15500 4.9 29.9 72.0 3.0 14.4 
15830 5.1 35.0 71.3 3.5 14.3 
16570 5.3 39.2 78.0 3.9 15.6 
17000 5.1 35.0 70.0 3.5 14.0 
Viacamp 
33440 4.5 23.0 47.0 2.3 9.4 
35250 4.3 19.5 41.5 1.9 8.3 
35430 4.2 18.3 36.0 1.8 7.2 
35500 5.0 32.7 61.2 3.3 12.2 
36000 4.3 19.9 36.8 2.0 7.4 
36100 4.6 23.9 43.8 2.4 8.8 
37200 4.6 24.5 52.0 2.5 10.4 
Lascuarre 
44280 5.7 52.8 110.0 5.3 22.0 
46890 4.4 21.0 47.8 2.1 9.6 
47560 4.1 16.9 45.0 1.7 9.0 
49490 4.4 21.3 52.0 2.1 10.4 
49570 4.5 23.0 52.0 2.3 10.4 
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Ainsa 
79200 3.9 15.1 38.4 1.5 7.7 
79270 3.7 13.4 23.8 1.3 4.8 
79550 3.7 13.0 35.0 1.3 7.0 
 
Table 9-10: Grain-size data from Sis, Gurp, Viacamp, Lascuarre and Ainsa localities in the Escanilla 
time interval 3. The same data described in table 9-4 are presented here. 
Locality x(m) Log2 D50 D50 (mm) D84(mm) D50 error D84 error 
Sis 
6880 4.9 30.0 95.0 3.0 19.0 
7030 5.0 32.9 90.0 3.3 18.0 
10150 4.7 25.7 75.0 2.6 15.0 
10800 4.6 25.0 70.6 2.5 14.1 
10900 4.8 28.1 95.0 2.8 19.0 
11750 4.5 22.0 58.1 2.2 11.6 
14700 4.5 23.1 51.6 2.3 10.3 
15280 4.9 30.0 66.6 3.0 13.3 
15820 4.9 30.7 86.0 3.1 17.2 
Gurp 
9280 5.5 44.0 96.4 4.4 19.3 
9300 4.8 27.5 77.1 2.8 15.4 
9390 5.4 42.0 102.0 4.2 20.4 
9700 5.2 36.8 101.0 3.7 20.2 
9900 5.4 43.3 75.7 4.3 15.1 
9900 5.2 36.4 65.0 3.6 13.0 
10860 5.0 30.9 72.0 3.1 14.4 
14300 4.9 30.0 70.8 3.0 14.2 
15600 5.2 36.5 65.8 3.7 13.2 
15780 5.3 39.6 95.4 4.0 19.1 
Lascuarre 47300 4.3 20.0 45.0 2.0 9.0 
Ainsa 
78800 4.3 20.0 52.0 2.0 10.4 
78940 3.5 11.4 37.1 1.1 7.4 
78990 3.4 10.3 27.6 1.0 5.5 
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Figure 9-12: Cumulative volume of deposited sediment (km3) for time intervals 1 to 3, broken down into gravel-grade (a), sand-grade (b) and fine fractions 
(c). Note that although the distribution of gravel-grade and fine sediment vary significantly between time intervals, the abundance of the sand fraction varies 
very little apart from the progressive extension of the depositional length Ld.  
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Pyrenees, Spain. Journal of the Geological Society London, 109, 111-114.  
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S
tratigraphic grain-size trends record tectonic and 
climatic signals. Here, we show how measurements of 
sediment calibre and clast lithology can be used to iden-
tify changes in accommodation space and sediment 
budget, using examples from Palaeogene syntectonic clastic 
deposits in the southern Pyrenees. We identify a mid Eocene 
interval of rapid grain-size fining, driven by local tectonic 
subsidence; a late Eocene interval of diminished local accommo-
dation generation; and an Oligocene interval showing order-of-
magnitude lower grain-size fining rates, driven by increased 
sediment supply. Our results demonstrate that grain-size trends 
provide a powerful means to explore the tectonic and climatic 
boundary conditions governing sediment routing systems.
Stratigraphy records landscape response to tectonic and climatic 
forcing (Allen 2008). To read this depositional archive effec-
tively, we need to quantify how field observables, such as grain-
size, record changes to these external boundary conditions (Duller 
et al. 2010; whittaker et al. 2010). Downstream fining in sedi-
mentary systems results from the selective removal of the least 
mobile grains from a mixed grain-size population (Fedele & 
Paola 2007). In stratigraphy, the fining rate is modulated by sedi-
ment extraction from the transport surface to the depositional 
archive (Duller et al. 2010). This transfer is set by three parame-
ters linked to the prevailing tectono-climatic conditions: (1) the 
magnitude of sediment supply, Qs; (2) the spatial distribution of 
deposition, which typically represents the tectonic subsidence 
distribution, σ(x); (3) the input grain-size characteristics (robinson 
& Slingerland 1998; whittaker et al. 2010). Stratigraphic grain-
size trends thus record the competing effect of Qs and σ(x) over 
time. numerical studies using selective deposition models (Duller 
et al. 2010; whittaker et al. 2011) demonstrate that an increase 
in sediment supply produces slower downstream fining rates 
(Fig. 1a), whereas high-amplitude, short-wavelength subsidence 
promotes high rates of downstream fining for equivalent sedi-
ment supply (Fig. 1b). Fining rates are most sensitive when Qs is 
similar to the available accommodation space (i.e. F ~ 1, Fig. 1a); 
slow grain-size fining is found when Qs is greater than five times 
the available accommodation and negligible fining occurs for 
ratios >10 (Fig. 1a; F = 5, 10). however, the predictive richness of 
recent modelling results has yet to be applied to field studies. 
here, we show how changes in grain-size fining rates, sediment 
thicknesses and clast provenance from the Palaeogene Sis con-
glomerate record the erosional history of the Pyrenees.
Study area. The Pyrenean orogen formed during the Late Cretaceous 
to early Miocene by convergence of the Afro-Iberian and European 
plates. The growth of the South Pyrenean fold–thrust belt coincided 
with the development of thrust-bounded basins aligned parallel to the 
east–west strike of the orogen (Sinclair et al. 2005). Sediment was 
transported from uplifted regions to these depocentres through 
north–south-trending palaeovalleys (Vincent 2001; whitchurch et 
al. 2011). we focus on the Eocene to oligocene succession of the Sis 
conglomerate, a >1400 m thick palaeovalley-fill preserved at the 
northern limit of the south–central Pyrenean unit (Vincent 2001; Fig. 
2a). The palaeovalley formed between structurally controlled highs 
(the Tourbon and Col de Vent anticlines) that were initiated during 
the late Palaeocene, creating a long-lived sediment transfer zone that 
recorded the erosional evolution of the orogen (Fig. 2b and c). The 
Sis conglomerate is divided into four formations (Fig. 2) using strati-
graphic relationships and clast provenance (Vincent 2001): The 
Cajigar and Cornudella Formations (mid Eocene), the Sis Formation 
(late Eocene) and the Antist Formation (oligocene). The Sis 
Formation is subdivided into four members (Sis 1–4) that have been 
described by Vincent (2001). Palaeomagnetic dating and strati-
graphic correlations tie these units to their downstream equivalent, 
the Escanilla Formation, a braided fluvial succession (Fig. 2a; also 
bentham et al. 1993; beamud et al. 2003, 2010). Topping the valley 
fill is the oligocene Antist (Collegats) Formation, a fluvial conglom-
erate that crops out across the fold–thrust belt (babault et al. 2005).
Methods. we define five time-lines down-system in the Cornudella 
Formation: Sis members 1, 2 and 4 and the Antist Formation (Fig. 
2), using constraints from field, sedimentogical and palaeomag-
netic–biostratigraphic studies (bentham et al. 1993; Vincent 2001; 
beamud et al. 2003, 2010). Sedimentation rates were reconstructed 
from geological maps and sedimentary logs (Vincent 2001). Grain-
size distributions and clast lithologies were collected at regular inter-
vals along time-lines using standard wolman counts of clasts >1 mm 
diameter, supplemented by point-counts from field photographs (see 
whittaker et al. 2010, 2011). Fining profiles for each time-line were 
fitted with an exponential function (Duller et al. 2010),
D50 = D50oe
–αx (1)
where x is the down-system distance from the initial point of deposi-
tion (see Vincent 2001), D50 is the median grain-size at that distance, 
D50o is the input grain size and α is an exponential fining parameter 
with units of km−1. Standard errors on D50o and α were statistically 
evaluated and the analyses repeated for the 84th percentile size, D84.
Results. The Cornudella Formation (40.6–39.4 Ma) shows negligi-
ble fining until 9 km downstream (Fig. 3a), at which point the grain-
size falls rapidly, coinciding with a marked increase in sediment 
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thickness (Fig. 3a). If a fining curve is fitted from 9 km down-sys-
tem, then α = 0.24 ± 0.04 km−1 and D50o = 39 ± 12 mm. D84 shows a 
statistically similar trend, but with D84o larger by a factor of two. 
Mesozoic to Palaeocene limestones and sandstones are the domi-
nant clast types, with rare granite clasts of Axial Zone origin (4%) 
(Fig. 3a). The Sis 1 member (39.4–37.5 Ma) also shows negligible 
grain-size fining until 12 km downstream, at which point the grain-
size falls rapidly, again coinciding with a marked increase in strati-
graphic thickness (Fig. 3b). The fining trend downstream of 12 km 
(α = 0.26 ± 0.09 km−1 and 0.20 ± 0.09 km−1 for D50 and D84 respec-
tively), input grain-size and sediment composition are statisti-
cally indistinguishable from those of the Cornudella Formation. 
Depositional thicknesses of both units imply similar sedimentation 
rates of 150–175 m Ma−1.
The grain-size trend in the Sis 2 member (37.5–35.5 Ma) is 
described by a single exponential fining curve (Fig. 3c). D50o is 
identical to the previous time-lines (39.4 ± 6 mm), but the fining 
rate is significantly reduced (α = 0.07 ± 0.02 km−1) for D50 and D84. 
There is no abrupt increase in stratigraphic thickness down-sys-
tem, with a lowered sedimentation rate of <100 m Ma−1. A greater 
proportion of clasts are derived from the Palaeozoic to Triassic 
metasedimentary rocks and granites of the nogueres and Axial 
Zones, relative to the previous units.
The Sis 4 member (~35 Ma) and the oligocene Antist Formation 
show identical, low rates of grain-size fining. Sis 4 has D50o of 
28 ± 6 mm and α = 0.03 ± 0.03 km−1 (Fig. 3d); the Antist Formation 
has D50o of 34 ± 5 mm and α = 0.03 ± 0.01 km
−1 (Fig. 3e). Sediment 
accumulation trends down-system are similar, with no abrupt 
changes in unit thickness, although maximum sedimentation rates 
are higher in the Antist. The Sis 4 member has no granite clasts, 
which contrasts sharply with the Antist Formation, where 75% of 
the clasts have an Axial or nogueres Zone provenance.
Discussion. The grain-size entering the system from Cornudella to 
Antist times remains statistically unchanged over the study period 
(Fig. 4a). however, we document statistically significant changes 
in the rate of downstream grain-size fining (Fig. 4b) and coeval 
changes in sediment thickness and clast composition within the 
succession (Fig. 3). A notable feature is an order of magnitude 
decrease in the fining parameter from α = 0.24 km−1 during the mid 
Eocene to α = 0.03 km1 by the oligocene (Fig. 4b). These trends 
represent long-term variations in sediment supply and accommoda-
tion generation driven by tectono-climatic effects (Fig. 1).
The Cornudella Formation is a wedge-shaped unit, thinning 
markedly upstream, but with overbank and lacustrine facies 
developed down-system. The negligible fining in the first 9 km is 
best explained as a result of a high ratio of sediment supply to 
limited subsidence-controlled accommodation (F > 10, Fig. 1a), 
whereas the rapid fining downstream implies significant local 
syntectonic subsidence (Fig. 1b). The Sis 1 member shows simi-
lar trends in granulometry, sediment thickness and provenance, 
with negligible grain-size fining in the initial 12 km representing 
low rates of sediment extraction into stratigraphy. These data sug-
gest that accommodation generation in the southern limb of the 
Col de Vent anticline (Fig. 2) controlled the sediment calibre and 
facies of the Cornudella Formation and Sis 1 until c. 37.5 Ma, 
with the locus of maximum accommodation generation migrating 
southwards after the deposition of the Cornudella Formation.
The Sis 2 member records a marked change in the dynamics 
of the late Eocene sediment routing system, defined by slower, 
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uniform grain-size fining, with α reduced by a factor >3. This 
implies decreased accommodation generation in the southern 
limb of the Col de Vent anticline, whereas the increased fraction 
of Axial and nogueres Zone clasts requires an upstream expan-
sion of the drainage network at this time. because the sedimenta-
tion rate is lower than for the underlying stratigraphy by a factor 
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of two, the reduced fining rate can be explained without invoking 
large, climatically driven, increases in Qs to the system.
The Sis 4 member records a further reduction in fining param-
eter α by a factor of two. This must represent an increase in sedi-
ment supply, as there is little difference in accommodation 
generation relative to Sis 2. The data imply that the ratio of Qs to 
σ(x), F, is >5 (Fig. 1a). The change in α from Sis 2 to Sis 4 there-
fore represents an increase in Qs by at least a factor of two. Sis 4 
is incised by c. 45 m into the underlying Sis 3 member (Vincent 
2001), whereas palaeosols occur in the north part of the palaeo-
valley at this time. we propose that enhanced erosion north of the 
Sis valley, owing to movement on the Aras thrust and associated 
structures (Fig. 2), increased locally derived sediment supply, 
leading to slow rates of downstream fining, and significant sedi-
ment bypass through the palaeovalley system. This interpretation 
is supported by the absence of granite clasts, indicating retreat of 
headwaters from the axis of the Pyrenees.
The slow fining rate in the Antist Formation (α = 0.03 ± 0.01 km−1) 
requires a similarly high ratio of Qs to accommodation during the 
early oligocene, whereas the increased proportion of Axial Zone-
derived clasts and its great lateral extent imply significant catch-
ment expansion (Coney et al. 1996; whittaker et al. 2011). The 
existing thickness of the formation is c. 400 m, but its depositional 
thickness may have been 1500–2000 m, deposited over 3–9 Ma, 
based on vitrinite reflectance, apatite fission-track data and mag-
netostratigraphic dating (Vincent 2001; beamud et al. 2010). This 
implies a relatively high maximum accommodation generation 
rate of >500 m Ma−1 despite the rise in base level in the Ebro basin 
at this time (Coney et al. 1996). Given the deposit’s thickness and 
extent, such slow fining requires an increase in Qs to the palaeo-
valley system in the oligocene of up to an order of magnitude. 
Consequently, the majority of sediment supplied to the system 
bypassed the study area and was deposited towards the Ebro basin. 
bedrock apatite and zircon fission-track data identify an acceler-
ated pulse of Axial Zone exhumation from 35 to 32 Ma of 
>2 mm a−1 (Fitzgerald et al. 1999; whitchurch et al. 2011). Detrital 
fission-track data from the Antist Formation also identify acceler-
ated rates of exhumation between 33 and 28 Ma (Fitzgerald et al. 
2008). This period also coincides with a significant episode of 
global cooling (Liu et al. 2009): local conditions deteriorated from 
a warm, stable climate during the mid-Eocene to a colder climate 
with strong dry–wet seasonality by the early oligocene (barberà 
et al. 2001). The documented increase in Pyrenean exhumation 
rates at this time, coupled to this climate shift, drove the signifi-
cant increase in sediment supply to the Antist system, producing 
low rates of grain-size fining and volumetrically extensive bypass 
of sediment to the Ebro basin.
Conclusions
Grain-size fining trends record the competing influence of tectonics 
and climate on sediment routing systems over time. using the 
Pyrenean Sis palaeovalley as a case study, we show how insights 
from selective deposition models, and field measurements of sedi-
ment calibre, thickness and provenance can be used to understand 
the Palaeogene erosional history of the Pyrenees. More widely, this 
study demonstrates that temporal and spatial variations in grain-size 
fining are a powerful but under-exploited tool to decode the strati-
graphic archive.
Statoil generously funded this study and we thank S. Vincent for material 
and advice on the Sis Conglomerate.
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ABSTRACT
Although the stratigraphy of sedimentary basins depends on the balance
between the magnitude and grain-size characteristics of the sediment supply
(Qs) and the spatial distribution of tectonic subsidence generating accommo-
dation r(x), Qs is problematical to measure in present-day sediment routing
systems and formidably difficult to predict in their ancient counterparts.
This challenge was tackled by treating the sediment discharge from the out-
let of mountain catchments as the result of incision by a drainage network
with a bulk diffusivity based on the length over which the mean annual
rainfall is concentrated. The size, relief and slope of palaeo-catchments act-
ing as feeders for sediment routing systems are used to run simulations of
sediment discharge and bulk diffusivity for a range of annual precipitation
values. A wide range of observable geological phenomena can be used to
converge on the most likely solutions for Qs, including depositional volumes
in the basin, and bedrock thermochronology and detrital cosmogenic nuclide
dating to constrain catchment erosion rates. Modelled sediment discharges
can be checked with estimates derived from global regressions. The sediment
efflux of mountain catchments serves as a boundary condition for down-
system sediment transport and deposition. Variations in the volumetric ratio
of sediment supply to available accommodation, Qs/r(x), determines
patterns of transverse versus longitudinal (axial) sediment dispersal. The vol-
umetric ratio may change as a result of variations in climatic parameters, tec-
tonic uplift rate and catchment expansion. An abrupt climate change to
higher precipitation values promotes higher Qs/r(x), but transient landscape
response causes a return to values close to the baseline, generating a distinc-
tive down-system extension of a gravel ‘spike’. Catchment expansion has a
similar, but more prolonged, effect on gravel progradation. In contrast, a
change in tectonic forcing, such as an increase in slip rate on a border fault,
causes little change in Qs/r(x), because increased subsidence compensates
for the increased sediment supply. Studies of mid Eocene–Oligocene sedi-
ment routing systems in the south-central Pyrenees allow the discrimination
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of different types of proximal wedge-top sedimentary systems on the basis of
the volumetric ratio of Qs to accommodation r(x): (i) small, steep, local fan
systems in tectonically ponded, underfilled basins, supplied by low
sediment discharges; (ii) tectonically guided, long-range, axial systems fed
by large sediment discharges from widely spaced palaeovalleys; and (iii)
large, shallow-sloping transverse megafans burying underlying defunct or
active tectonic structures, supplied by high to very high sediment dis-
charges. Understanding the role of variations in Qs helps to explain the syn-
tectonic evolution of proximal foreland basin systems. The Oligocene–
Miocene North Alpine Foreland Basin, Switzerland, is qualitatively identi-
fied as a high-Qs example, the Miocene–Recent northern Apennines of Italy
as a low-Qs example and the Eocene-Oligocene southern Pyrenees of Spain
as intermediate in character.
Keywords Foreland basins, Pyrenees, sediment routing systems, sediment
supply.
INTRODUCTION
Sediment routing systems, ancient and modern,
are integrated dynamical systems connecting
erosion in mountain catchments to downstream
deposition (Allen, 1997, 2008a; Somme et al.,
2009; Covault et al., 2010; Carvajal & Steel, 2012).
Despite the wealth of information on present-day
riverine sediment fluxes (Milliman & Farnsworth,
2011) and on the geomorphological processes and
rates of erosion in upland catchments, it is prob-
lematical to carry out a particulate sediment
budget exercise on individual sediment routing
systems at geological time scales; this is referred to
here as ‘theQs problem’, whereQs is sediment sup-
ply. Although temporal variations in the erosional
efflux of entiremountain belts have been estimated
using the volumes of sediment preserved in river
valleys, lakes and deltas (Kuhlemann, 2000; Kuh-
lemann & Kempf, 2002; Schlunegger et al., 2007),
and long-term sediment discharge fluctuations
have been inferred from both cosmogenic nuclide
(10Be) methods (Safran et al., 2005; Wittmann
et al., 2007; Abb€uhl et al., 2011) and low-tempera-
ture (apatite fission track) thermochronological da-
tabases (Cederbom et al., 2004, 2011; Vernon
et al., 2008), a quantitative or semi-quantitative
model of sediment fluxes, focussed at the scale of
the sediment routing system, with generic value
and predictive capability at geological time scales,
remains a key research challenge.
Knowledge of the sediment budget is a valuable
piece of information that fits into a larger picture
of orogenesis in terms of the balance between the
accretionary tectonic flux into an orogenic wedge
and the erosional efflux from the wedge (Suppe,
1981; Willett & Brandon, 2002; Sinclair, 2012;
Schlunegger & Norton, 2013). This balance deter-
mines the evolutionary stages of orogenesis. Being
able to make quantitative estimates of the ero-
sional efflux of mountain belts therefore has
importance for models of orogenic growth, steady
state and decay, but they also serve as a boundary
condition for down-system sediment dispersal.
The ‘Qs problem’ is discussed at the scale of the
sediment routing system as an example of a meth-
odology that might be implemented more widely
in attempting to understand orogenic evolution
generically. However, the main emphasis herein
is on the control that sediment discharges from
mountain belts have on the filling of depocentres
in the wedge-top zone (DeCelles & Giles, 1996;
Ford, 2004) and, particularly, on the development
of transverse versus axial–longitudinal sediment
dispersal. Previous work emphasizes the role of tec-
tonic generation of accommodation on the longitu-
dinal or transverse filling of the flexural foredeeps
of forelandbasin systems.Duringperiodsof tectonic
loading, short transverse rivers are thought to join a
major longitudinal river in the proximal or medial
part of the foreland basin, whereas during periods
of erosional unloading causing flexural rebound,
large transverse rivers are thought to flow across
most of the foreland, displacing any longitudinal
rivers to a distal position (Burbank, 1992; Burbank
& Verge´s, 1994). The change from active flexural
loading to erosional rebound therefore results in the
progradation of coarse, transverse gravel fans (Hel-
ler et al., 1988; Allen&Heller, 2012).
Previous advances in understanding the link-
age between the erosional efflux of mountains
and the filling of accommodation generated by
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flexural subsidence have used a spatially uniform
transport coefficient in a diffusive formulation of
erosion and deposition (Flemings & Jordan, 1989;
Sinclair et al., 1991). Although these pioneering
studies sketched out the important relations and
feedbacks between surface processes, wedge
kinematics and basin subsidence, they are two-
dimensional volume or mass balance models con-
structed without reference to the functioning of
the sediment routing system. In contrast, the
approach used here is specifically for mountain
catchments collecting water and sediment and
discharging them into the basin at spaced exit
points. It can best be applied to relatively simple,
gravel-rich sediment routing systems comprising
an eroding upland catchment coupled to a depo-
sitional fan or river system (Humphrey & Heller,
1995; Whipple & Trayler, 1996; Allen & Hovius,
1998; Allen & Densmore, 2000; Carretier & Luca-
zeau, 2005; Densmore et al., 2007; Carretier et al.,
2009). Such catchment-fan systems are well-
developed along the active margins of foreland
basins in regions of contractional mountain build-
ing, including the Pyrenees (Arenas et al., 2001;
Lopez-Blanco, 2002; Jones et al., 2004; Charreau
et al., 2009; Barrier et al., 2010). The present strat-
egy has the advantage of allowing predictions of
basin filling, gross depositional environments,
regional grain size trends and the direction of river
transport paths to be made in the physically mean-
ingful context of the sediment routing system.
The extent of the underfilling, perfect filling
or overfilling of the available accommodation by
the sediment supply clearly is critical to the
gross depositional environments of the basin-fill
and to the observed granulometric trends in
stratigraphy (Paola et al., 1992; Strong et al.,
2005; Fedele & Paola, 2007; Duller et al., 2010;
Whittaker et al., 2011; Parsons et al., 2012),
including the volumetric partitioning of grain-
size fractions in different segments or compart-
ments of the sediment routing system (Cross &
Lessenger, 1998; Siggerud & Steel, 1999; Carvajal
& Steel, 2012). The mass or volume balance of
wedge-top basins is expressed in the develop-
ment of a range of depositional styles, from
small, essentially endorheic (internally drained)
systems dominated by transverse fans, to axially
(longitudinally) draining well-established fluvial
and turbiditic systems, to coalesced transverse
megafans (Gupta, 1997; Horton & DeCelles,
2001) forming an orogenic piedmont and deliv-
ering sediment directly to the foredeep.
In this article, the effect of varying sediment
discharge on the style of sediment dispersal and
basin filling was investigated by estimating the
sediment supply from mountain catchments
using a bulk diffusive approach (i.e. flux propor-
tional to slope), where the bulk diffusivity
depends on the concentration of incident rainfall
into fluvial flow (Fig. 1), supported by estimates
from global regression models. Plausible parame-
ter values were then used as input to a simple
volume balance model for the evaluation of the
relative importance of transverse versus axial
sediment dispersal (Leeder et al., 1996; Kim
et al., 2011) in the wedge-top region. Based on
determinations of long-term sediment flux, generic
models are provided for the large-scale strati-
graphic architectures and gross depositional facies
that characterize foreland basin systems based on
the interplay between sediment flux and basin
subsidence. Using this approach it was possible to
qualitatively compare the first-order sediment sup-
ply signals recorded by the Cenozoic evolution of
the Alps, Pyrenees and Apennines.
The importance of the theory outlined above is
that it integrates the erosional efflux with a volume
or mass balance of the basin-fill of sedimentary
source to sink systems at spatial and temporal
scales that are possible to constrain by strati-
graphic, granulometric and thermochronometric
datasets. It is presented as a first-order method
for evaluating the changing sediment budgets
of source to sink systems over geological time
periods. It does not, however, account for the
important transient responses of erosional and
depositional landscapes to changes in boundary
conditions (Allen, 2008b; Armitage et al., 2011),
nor does it aim to simulate precise stratigraphic
architectures in the depositional basin (Clevis
et al., 2003, 2004).
METHODS
The aim of this study was to develop a method of
estimating the sediment discharges from moun-
tainous catchments that is informed by geological
observations, that is, a method that is not reliant
on parameters that cannot be constrained in
ancient sediment routing systems. This article
focuses on the estimation of plausible values of Qs,
rather than attempting a full sediment budget exer-
cise. Estimates of Qs depend on identifying the
source regions for sediment routing systems, and
on constraining aspects of catchment area, length,
slope and relief, none of which are trivial in
palaeo-sediment routing systems. Estimates of
sediment discharge can be made by: (i) using a
© 2012 The Authors. Journal compilation © 2012 International Association of Sedimentologists, Sedimentology, 60, 102–130
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catchment-averaged erosion rate derived from
thermochronometric methods combined with
catchment area; (ii) the use of global regressions
also based on catchment area; and (iii) the use of
an analytical method based on the development of
an incising drainage network with a bulk diffusiv-
ity based on the length over which the mean
annual rainfall is concentrated. With information
on sediment discharge from the catchment, the
balance between sediment supply and basin
accommodation can be evaluated, and the impact
on sediment dispersal patterns assessed.
Estimation of catchment length, area and relief
Calculation of the sediment discharge leaving
mountain regions requires catchment dimen-
sions to be estimated. The mountain range
width from the outlet to the main drainage
divide can be estimated with a simple rule of
thumb that the outlet spacing of major catch-
ments along the mountain front scales on the
catchment length by a factor of ca 05 (Hovius,
1996). Outlet spacings can be determined from
field observations, including the use of grain-
size trends and palaeocurrent analysis and, in
some cases, by the thickening of sedimentary
isopachs towards depositional apices. Catch-
ment lengths can also be approximated where
clast compositions, heavy mineral assemblages
and detrital mineral thermochronology and geo-
chronology can be used to constrain distinctive
source lithologies known to make up structural
units being unroofed in palaeocatchments.
The palaeorelief of catchments feeding sedi-
ment routing systems can be approximated for a
range of catchment lengths using coefficients
and exponents derived from slope-area relations
(e.g. Lague & Davy, 2003). The local slope in the
upland catchment can be estimated from its
relation with contributing upstream drainage
area (Fig. 2). The local (at x) channel slope in
bedrock channels, Sx, is related to the upstream
contributing area of the catchment, Ax (Hack,
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Fig. 1. Schematic sketch of a simple prototype sediment routing system connecting an erosional upland catch-
ment and a depositional basin. Particulate sediment is sourced from an upland catchment of length, Lc, and area,
Ac, that undergoes rock uplift and is transported to a depositional basin at a number of spaced outlets. The mov-
ing boundary of the gravel front, Lg, is shown in the depositional basin. The sediment discharge per unit width,
qs, leaving the catchment at the outlet is assumed to be related to the local catchment slope (Sx at x = Lc) by the
effective or bulk diffusivity, je. The bulk diffusivity can be approximated for the catchment outlet using a concen-
trative equation based on mean annual precipitation, a, and catchment length. This diffusive system has a charac-
teristic time scale, τ. Estimation of the total sediment discharge, Qs, from the source area allows estimates of
catchment-averaged erosion rates to be calculated and checked against thermochronological data. The position of
the downstream extent of gravel in the stratigraphy is a sensitive indicator of the rate and spatial distribution of
tectonic subsidence in the depositional basin compared with the volumetric sediment supply.
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1973; Flint, 1974; Howard & Kerby, 1983; Whip-
ple, 2004) by:
Sx ¼ ksAhx ð1Þ
where ks is the steepness coefficient and h is
known as the concavity. Concavity ranges gene-
rally between 04 and 07 (review in Tucker &
Whipple, 2002). Combining Eq. 1 with Hack’s
Law (Montgomery & Dietrich, 1992), which
states that Lc = cHAc
h, where Lc is the catchment
length, Ac is the catchment area and cH and h
are the Hack coefficient and exponent, respec-
tively, the local slope becomes:
Sx ¼ ksLh=hx ð2Þ
If the Hack exponent h = 05, consistent with
observations from drainage basins around the
world (Hack, 1957), the Hack coefficient cH is
commonly taken as close to 2 (194) where Lc is
in kilometres and A is in km2 (Castelltort et al.,
2009), and concavity is 05, the exponent in
Eq. 2 becomes 1, showing that local slope is a
simple inverse function of downstream distance.
Consequently, the local slope of the river profile
becomes a simple function of catchment length
with a constant of proportionality equal to the
steepness index ks. The value of ks is problema-
tical, and varies with mean uplift rate U (Lague
& Davy, 2003), as expected from the linear rela-
tion between topographic relief and uplift rate
(Hurtrez et al., 1999):
ks ¼ ðUkÞ1=n ð3Þ
where k is an erodibility coefficient (equal to
28 9 106 in Huyghe et al., 2012), and n is the
slope exponent in the stream power law (How-
ard & Kerby, 1983; Whipple & Tucker, 1999),
taken as ca 1. Assuming that uplift rate is bal-
anced by erosion for the catchment as a whole,
the steepness index can be calculated from Eq. 3
for a range of plausible uplift rates. If k = 28 9
106, n = 1, and U = 01 to 1 mm yr1, ks is in
the range 36 to 357 m. Estimates based on a
morphometric analysis of river profiles in pres-
ent day mountain belts suggest a value of 200 
100 m in the European Alps (Norton et al.,
2010; Schlunegger & Norton, 2013) and 130 to
160 m (where h = 024, for tectonic uplift rates
of 8 to 15 mm yr1) in rivers crossing the Siwa-
lik Hills of Nepal (Lague & Davy, 2003).
If x is set equal to the catchment length, Lc,
then the local slope is the river slope at the out-
let, and the relief (or catchment-averaged slope)
is (h0  hx)/Lx where x = Lc, h0 is the elevation
at x = 0 and hx is the elevation at the outlet
(x = Lc) (Fig. 3). The elevation, h0, can easily be
found by summing elevation increments over
the horizontal distance from 0 to Lx using Eq. 2.
Consequently, taking dimensions typical of the
flanks of bivergent orogenic wedges, such as the
Pyrenees, catchments with lateral spacings of
30 km are expected to have lengths of ca 60 km
which gives a catchment relief of ca 920 m and
spatially averaged slope of 0015 for a steepness
ks of 200 m (Fig. 2). Taking the full range of
likely gradients, the catchment relief, local slope
at x = 60 km, and catchment-averaged slopes are
1382 m, 0005 and 0023, respectively, for
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ks = 300 m, and 460 m, 0002 and 0008, respec-
tively, for ks = 100 m.
The slope at the outlet is relatively insensitive
to changes in steepness, but highly sensitive to
variations of the concavity index because it is
an exponent. The values above therefore provide
rough guidelines for the likely slopes and relief
of steady state catchments of a certain length
from headwaters to outlet.
Water and sediment discharge
There are several ways in which the sediment dis-
charge from upland catchments might be mod-
elled. Some methods involve the coupling
between hillslope and channel processes (Tucker
& Bras, 1998) over a catchment area where local
slopes and hydrology are known at high resolu-
tion (Willgoose et al., 1991; Howard, 1994),
which can then be used to model the various
impacts of climate change, tectonics, or indeed
self-organization. Although these methods are
valuable for understanding landscape dynamics,
they cannot be used in the investigation of geolog-
ical sediment routing systems where the erosional
landscape has left no direct record. Instead, a
method is required that approximates sediment
supply based on geological observations.
If thermochronological data are available to
constrain catchment-averaged bedrock erosion
rates (<E>) in regions known to be (or to have
been) source regions of sediment, the total sedi-
ment supply of the catchment Qs = <E>Ac can
be directly estimated as a function of catchment
length, Lc, because catchment area, Ac, is
approximated by Hack’s Law. Typical values of
Qs calculated from mean erosion rate are shown
in Fig. 4, for cH = 194 and h = 05. Small catch-
ments (Lc < 20 km) with uplift rates of 01 to
02 mm yr1 typically generate total sediment
discharges of <20 km3 Myr1. Large catchments
(Lc > 50 km) with uplift rates of >05 mm yr1
typically have total sediment discharges in
excess of 1000 km3 Myr1.
It is preferred, however, to use erosion rates
derived from thermochronology as a check on
estimates of Qs derived from an independent
method. Possible independent methods include:
(i) using empirical plots of sediment discharge
versus water discharge; or (ii) by developing an
analytical method based on the bulk diffusivity
of the catchment.
At its simplest, the amount of water falling on
a catchment of area, Ac, and being routed to its
outlet, can be approximated as aAc, where a is
the mean annual precipitation, assuming long-
term steady state so that there are no changes in
ground water volumes, and evapotranspiration
is ignored (Fig. 3). Drainage area is related to
downstream length, Lc, by Hack’s Law. Conse-
quently, the total discharge of water through the
outlet Qw is:
Qw ¼ aAc ¼ a Lc
cH
 1=h
ð4Þ
For a = 1 m yr1, the total water discharge, Qw,
is ca 1 km3 yr1 for a catchment typical of the
pro-flank of an orogenic wedge with Lc = 60 km,
Ac  1000 km2, and with cH = 194 and h = 05.
Water discharge can also be estimated from glo-
bal regressions of Qw versus catchment area (Sy-
vitski & Milliman, 2007). Using Qw = 0075Ac08,
where Qw is in m
3 s1 and Ac is in km
2, gives ca
06 km3 yr1 for a catchment length of 60 km (Ac
is ca 1000 km2). The water discharge is close to,
but smaller than, the estimate using Hack’s Law,
as expected from the use of a global regression
that has not been ‘tuned’ to local conditions. The
sediment discharge can likewise be estimated
from global compilations. Taking a catchment of
Alpine type, and using a catchment area of Ac =
1000 km2, the sediment load is 1 to 2 9 106 t
yr1, which is equivalent to 377 to 755 km3
Myr1 assuming an average density of 2650 kg
m3. Estimates can also be obtained using the
BQART model (Syvitski et al., 2003, 2004;
Syvitski & Milliman, 2007):
Qs ¼ wBQ031w A05RT ð5Þ
where Qs is the sediment discharge at the river
mouth in kg s1, w = 002, B is a human-geologi-
cal factor accounting for the impact of glacial
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erosion, catchment lithologies, the trapping effi-
ciency of lakes and man-made reservoirs, and
human influence on soil erosion, Qw is water
discharge in km3 yr1, R is catchment maximum
relief (km) and T is temperature (oC), which is
>2°C for the use of Eq. 5. For geological sedi-
ment routing systems, the human factors are
zero so that B becomes 1. For other factors, it
was assumed that there was no glacial influence,
negligible trapping, an average temperature of
20°C and a lithological factor appropriate for a
mixture of hard and softer lithologies (L = 15 in
Syvitski & Milliman, 2007). For a catchment
with a length of Lc = 60 km, relief of 1 km and a
value of Qw obtained from the global regression,
a total sediment discharge Qs of 186 km
3 yr1
was obtained, equivalent to a catchment-aver-
aged erosion rate of 019 mm yr1.
The BQART model can also be used with val-
ues for total water discharge derived from Eq. 4,
based on the volume of rainfall falling on a
given catchment area. Taking mean annual pre-
cipitation in the range a = 05 to 25 m yr1, and
retaining the same catchment dimensions
(Lc = 60 km, Ac is ca 1000 km
2, relief R = 1 km),
the BQART predictions for sediment discharge
are in the range 176 to 290 km3 Myr1, equiva-
lent to catchment-averaged erosion rates of 018
to 030 mm yr1.
There is clearly some congruency in these
results using different methods. However, there
is considerable variation in global regressions.
Use is therefore made of a constitutive law for
sediment discharge that can be applied to the
whole catchment land surface without the need
to specify the hillslope and channel regions
(Smith & Bretherton, 1972; Simpson & Schluneg-
ger, 2003). This solution applies to transport-
limited situations (where there is no shortage in
the availability of sediment for transport) and
expresses the sediment discharge per unit width
in terms of the local slope Sx:
qs ¼ jeSx ð6Þ
where je is an effective of bulk diffusivity that
incorporates the effects of hillslope diffusion
(first term on the right in Eq. 7) and concentra-
tive flow causing channel incision (second term
on the right in Eq. 7):
je ¼ jþ cf ðaxÞm ð7Þ
and j is the linear hillslope diffusivity, which
can be assumed to be negligible compared with
the concentrative term, cf is a fluvial incision
coefficient, a is the mean annual precipitation, x
is the horizontal length downstream, so that ax
approximates the unit width discharge of water
qw, and m is a water discharge exponent.
Although cf and m are not independent, because
cf has units of m
2(1m) s(1+m) (Wobus et al.,
2010), values of 106 and 2 have been taken as
typical of cf and m, respectively (Simpson &
Schlunegger, 2003; Densmore et al., 2007).
The effective or bulk diffusivity for a range of
values of the mean annual precipitation was
calculated using Eq. 7 (Fig. 5A), the local slope
at the outlet (x = Lc) was estimated using Eq. 1
or Eq. 2, and the effective diffusivity and slope
at x = Lc were used to calculate the sediment
discharge at the outlet using Eqs 6 and 7
(Fig. 5B). The unit width sediment discharge
and the total catchment sediment discharge
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Fig. 5. Bulk diffusivity (A) and total sediment dis-
charge (B) values for a range of catchment lengths (10
to 75 km) and mean annual precipitation (05 to
20 m yr1). The equivalent catchment-averaged ero-
sion rate is shown in panel (B).
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represent long-term time-averaged values and
should not be compared directly with instanta-
neous measurements from modern gravel-bed
streams or from estimates of bedload transport
equations.
Taking cf = 10
6 and m = 2 (Simpson & Schlu-
negger, 2003; Densmore et al., 2007), bulk diffu-
sivities range up to 104 m2 yr1 for typical
ranges of mean annual precipitation (a = 05 to
2 m yr1) and catchment length (Lc = 10 to
50 km). For comparison, the diffusivity for
gravel used in numerical models of gravel dis-
persal in sedimentary basins, supported by
physical experiments, is in the same range (103
to 104 m2 yr1) (Flemings & Jordan, 1989;
Sinclair et al., 1991; Marr et al., 2000).
Using the bulk diffusive approach, unit width
sediment discharges range from 25 to 625 m2
yr1 for a range of mean annual precipitation of
05 to 25 m yr1 for the reference catchment of
length Lc = 60 km. These values are equivalent
to total sediment discharges leaving the catch-
ment of 33 to 830 km3 Myr1, which implies
catchment-averaged erosion rates of 005 to
125 mm yr1 for a range of mean annual precip-
itation of 05 to 25 m yr1. These ranges of sedi-
ment discharge and equivalent erosion rates
cover the values obtained from global regres-
sions. In the sections below, the likely range of
palaeo-rainfall rates is narrowed down based on
the constraints provided by erosion rates
derived from apatite fission track thermochro-
nology.
Axial versus transverse sediment dispersal
The main factor controlling the pattern of sedi-
ment dispersal from mountain catchments into
tectonically active basins is the magnitude of the
sediment fluxes of the transverse and axial sys-
tems in relation to the tectonic accommodation
generation (Leeder & Jackson, 1993). The simplest
set-up involving a dual transverse supply and an
intervening axial system is of an extensional half-
graben bordered by a vertical fault (Kim et al.,
2011; Fig. 6). Transverse fans have moving
boundaries as their downstream limits and feed
sediment into the axial system. Therefore, qh and
qf are defined as the sediment discharges per unit
width sourced in the hangingwall and footwall,
respectively, and qha and qfa are defined as the
discharges from hangingwall flank to axial system
and footwall flank to axial system, respectively.
The tectonic displacement field is a linear gradi-
ent from zero to a maximum rate of Smax at the
position of a border fault, across a basin of width,
Wb. The widths of the footwall-derived and hang-
ingwall-derived fans, wf, and wh, reflect the bal-
ance between accommodation generation and
sediment discharge from each flank. A directly
analogous situation in wedge-top basins is of fans
derived from the thrust hangingwall and a subor-
dinate supply from the back-tilted footwall. Esti-
mates of sediment discharge from the bulk
diffusive model, tectonic subsidence rates
derived from dated sediment isopachs and fan
lengths derived from mapping of the gravel front
can be used to constrain the flux to the axial sys-
tem using:
wf ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
Wb
Smax
ðqf  qfaÞ 1ð1 kÞ
s
ð8Þ
for contractional footwall-derived fans, and
approximately:
wh ¼ 2 ðqh  qhaÞ
Smax
1
ð1 kÞ ð9Þ
for contractional hangingwall-derived fans,
where Smax is the maximum subsidence rate at
the vertical basin-bounding fault, and k is the
sediment porosity. Equations 8 and 9 are simply
geometrical expressions for the space filled
by discharges from hangingwall and footwall
flanks.
Using realistic parameter values, if Smax is
05 mm yr1, the basin width Wb is 15 km, the
flux from the hangingwall block qh is relatively
small (2 m2 yr1) and fans derived from the hang-
ingwall extend 5 km from the border fault, Eq. 9
shows that the flux leaving the hangingwall fans
and contributing to axial sediment transport is
021 m2 yr1. If the rotating footwall supplies
qf = 1 m
2 yr1, and footwall fans also extend
5 km into the basin, the supply to the axial sys-
tem from the footwall side is 040 m2 yr1 using
Eq. 8. The total supply to the axial system
(061 m2 yr1, or 20% of the supply) is small. As
the total accommodation is WbSmax/2, the basin
is underfilled by 075 m2 yr1, meaning that
there is a 25% deficit in the sediment supply,
leaving no possibility for significant far-field
axial transport down-system. Increasing the sed-
iment supply relative to the accommodation
causes the basin to be filled, promoting axial
sediment transport that is likely to be guided by
active tectonic structures. Further increasing the
sediment supply relative to accommodation
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causes large amounts of overfilling and the
possibility of transverse sediment dispersal
down the regional palaeoslope, burying active
or defunct tectonic structures.
Sediment enters basins at distinct outlet
points with a lateral spacing. Consequently, a
block of basin with planform dimensions given
by the basin width and outlet spacing, and
Uplifting
hangingwall
block
Smax
Wb
whf
qh~qs,0
Smax
Smax
Wb
wh
qh~qs,0
qha
qha
Underfilled basin
internal drainage
Filled basin
zero sediment export
wh
Wb
qh~qs,0
qha qfa
qf
Transverse
Axial
qf
wf
qa
Overfilled basin
Sediment export down-system
A
B
C
wf
qfa qf
Smax 0·3 mm yr–1
Wb 15 km
wh = wf 5 km
Rotating footwall
Footwall source area
Uplifting
hangingwall
block
Rotating footwall
Uplifting
hangingwall
block
Rotating footwall
Main source area
Secondary
source area
Fig. 6. Cartoons to illustrate the simple model for the sediment fluxes associated with transverse and axial drain-
age, adapted from Kim et al. (2011). Contractional thrust-related basin dominated by fluxes from the hangingwall,
with a subordinate supply backwards from the footwall block. Fluxes from the contractional hangingwall com-
monly dominate wedge-top basins. Basin width, Wb, is 15 km and maximum subsidence rate (at fault) is 03 mm
yr1. In panel (A), there is a single supply from the contractional hangingwall, qh at x = 0 is 2 m
2 yr1, the flux
from fan to axial system is qfa = 138 m2 yr1 and the basin is underfilled by 068 m2 yr1 per unit width. Internal
drainage to lakes situated at the distal (footwall) margin is predicted. In panel (B), the unit discharge from the
contractional hangingwall remains at 2 m2 yr1, and qha = 138 m2 yr1, but there is a flux from the footwall of
04 m2 yr1 and for a footwall fan length of 5 km, qfa is 04 m2 yr1, resulting in the basin being perfectly filled,
with zero longitudinal flux to down-system depocentres. In panel (C), the footwall flux is increased to 1 m2 yr1,
resulting in a flux to the axial system of 079 m2 yr1 if footwall fan length is 5 km. The basin is overfilled, with a
down-system export of 032 m2 yr1. Variations in the magnitude of the subordinate, footwall sediment discharge
therefore potentially has strong effects on basin filling and axial transport.
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with a spatial distribution of tectonic subsi-
dence, generates accommodation that may be
underfilled or overfilled by the total sediment
discharge through the outlet. Two styles of
accommodation were taken as illustrative of
the likely spatial distributions of tectonic
subsidence: a rectangular ‘tank’ with uniform
subsidence, S, and a wedge-like subsidence,
decreasing from Smax at the outlet to zero at the
distal basin edge. The percentage overfill is
then the volume of sediment that must bypass
the local basin and is exported to down-system
depocentres either axially or transversely.
Transverse feeder systems building fans in
small basins with internal drainage, lakes and
playas are associated with ‘negative’ sediment
budgets, where the sediment supply is smaller
than the accommodation generation (Fig. 7).
When the sediment supply is sufficient for fan
growth and there is a positive flux to down-sys-
tem locations, then transverse fans are expected
to swing into axial drainage systems guided by
the tectonic strike (Figs 7A and 8). Finally,
where qs,0 far exceeds the accommodation, tec-
tonic structures are buried by sediment dispersal
systems flowing down the regional palaeoslope
from the orogenic drainage divide to the fore-
deep (Type 3; Figs 7B and 8).
FEEDBACKS AND SYSTEM BEHAVIOUR
A number of feedbacks are present in geological
sediment routing system models between ero-
sional landscape dynamics, sediment supply,
accommodation and depositional system length
that may operate in natural systems. The charac-
teristics of the sediment supply, the sediment
discharge and the spatial distribution of subsi-
dence also control the downstream fining of stra-
tigraphy (Fedele & Paola, 2007; Duller et al.,
2010; Whittaker et al., 2011; Parsons et al., 2012).
These feedbacks are presented as thought experi-
ments of the different effects of climate changes,
tectonic forcing and catchment expansion on
basin stratigraphy, guided by model simulations
using the bulk diffusive approach outlined above.
An increase in sediment supply driven by a
rapid change in climate
Increasing climate parameters, such as mean
annual precipitation (from 05 to 1 m yr1 in the
example followed through below, with values in
Table 1), increases the sediment delivery per unit
width, qs, to the depositional basin from a catch-
ment that does not change in size (Fig. 9). If the
abrupt climate change does not change the rate of
qs,0
qfa
qa
Catchment
Fan
Axial system
Catchment
Smax
Smax
qs,0
qft
qe
Coalesced bajada
1
2
3
1
2
A B
hy
h0
WbWb
Fig. 7. Block diagrams illustrating contrasting behaviours determined by the sediment budget. In both cases, the
backshedding of sediment into the basin is set to zero. (A) A steep catchment feeds a basin margin fan at a rate,
qs,0, which fluxes sediment to an axial system at a rate, qfa. The sediment supply is less than or approximately
equal to the accommodation generation. The cumulative volume of accommodation is denoted ‘1’, which
increases over time by slip on the border fault at the rate Smax. The volume above base level, denoted ‘2’, can be
assumed to not vary over time. (B) A larger catchment feeds a higher sediment supply into the basin, causing the
progradation and coalescence of large transverse fans and potentially the burial of the distal basin margin. A large
portion of the sediment supply is discharged through the fan to downstream transverse systems, qft, and exported
to distal foredeep depocentres, qe. The volume denoted ‘3’ may accumulate over time as base level rises and the
distal margin of the wedge-top basin is buried in sediment.
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accommodation generation in the basin, the strati-
graphic response should be a significant system
lengthening, causing distal margin onlap immedi-
ately following the climate step change. A longer
depositional length is correlated with an increase
in / = Ad/Ac in natural systems (whereAc is catch-
ment area and Ad is depositional area), implying
that depositional system lengthening outpaces any
catchment expansion caused by the change in cli-
mate. In the worked example, the lengthening of Ld
from 10 to 25 km requires / to rise from 1 to 25 if
catchment length, relief and slope are to remain
constant. The ratio rmax/<E> reduces (from ca 10
to 4) as a result of the increased erosion (from 005
to 017 mm yr1), with no allowance for chemical
denudation. Sediment should strongly onlap dis-
tally, and the gravel front should migrate basin-
wards, but isopachs proximally should be
unaltered by the climate change.
If the increased sediment supply acts as a load
on the lithosphere beneath the basin (Allen &
Allen, 2005), sediment thicknesses should
increase, causing an increase in rmax by ca
(qm  qs)/(qm  qw), where the subscripts refer
to mantle, sediment and water, respectively, in
turn requiring less system lengthening (Ld
20 km). In this case the ratio rmax/<E> reduces
less, the climate change being recognized by a
slight increase in rate of accumulation of sedi-
ment, especially proximally.
Time-dependent numerical models indicate
that a climate step change results in a transient
spike of sediment discharge into neighbouring
basins, but that the long–term flux returns to its
baseline value after a time lag of ca 05 Myr due
to the lowering of catchment slopes resulting
from the increased precipitation (Armitage et al.,
2011). Consequently, the system lengthening dri-
ven by the climate change (Fig. 9) may not be
long-lived. The progradation of a gravel tongue
represented by the Claret Conglomerate at the
Palaeocene–Eocene boundary in the southern
Pyrenees (Schmitz & Pujalte, 2007) appears to be
a good example.
An increase in the sediment supply driven by
an increase in tectonic fluxes
An alternative way to increase sediment dis-
charges into the depositional basin is by increas-
ing tectonic fluxes in the source region (Fig. 10).
The increase in tectonic uplift rate causes river
profiles to steepen, driving higher rates of
erosion and sediment discharge from the catch-
Type 1: 
Ermita-Collegats system
Q0
Type 2:
Montsor system
Q0Q0
TYPE 1:
Steep, small fans (gravel front  6 km)
Catchment area ca 36 km2
Small unit sediment discharge (ca 5 m2 yr–1)
Relatively high sequestering of gravel in
transverse fans 
Underfilled accommodation
Type 3: Antist system
TYPE 2:
Large, progradational fans (gravel front
35 km) fed from enlarged catchment
Catchment area ca 625 km2
High unit sediment discharge (ca 20 m2 yr–1)
Relatively low sequestering of gravel in
transverse fans
Overfilled accommodation
River systems deflected into axial flow
TYPE 3:
Megafans (gravel front  50 km)
Catchment area ca 900 km2
High unit sediment discharge (ca 50 m2 yr–1)
Very low sequestering of gravel in
proximal transverse fans
Overfilled accommodation
Transverse drainage in coalesced bajada
TRANSVERSE MEGAFAN
DEFLECTED FAN
PONDED FAN-DELTA
Qs
ca 800 km3 Myr–1
Qs
ca 250 km3 Myr–1
Qs
ca 15 km3 Myr–1
Fig. 8. Summary of three sediment routing systems from the mid Eocene to Oligocene of the south-central
Pyrenees. Numbers in ellipses are the approximate total sediment discharges of catchments (based on the unit
sediment discharges and catchment sizes in Table 2).
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Table 1. Values of key parameters before and after climatic, tectonic and morphometric changes, with a negative
exponential accommodation model, as used in the thought experiments underlying Figs 9 to 11. Transient behav-
iour is not formally considered. Shaded rows indicate parameters held constant before and after perturbation.
Parameter Before perturbation After perturbation
Rapid climate change
Mean annual precipitation a (m yr1) 0.5 1.0
Unit width sediment discharge qs (m
2 yr1) 0.7 2.5
Depositional length Ld (km) 10 35
Catchment length Lc (km) 14 14
Area ratio / = Ad/Ac 1 3.5
Catchment averaged erosion rate
(no solutes) <E> mm yr1
0.05 0.17
Maximum tectonic subsidence rmax (mm yr
1) 0.5 0.5
Reciprocal (e-folding) decay length for negative
exponential accommodation model a (m1)
0.0005 0.00014
Erosion/accommodation ratio <E >/rmax 10 3
Increase in tectonic uplift rate
Mean annual precipitation a (m yr1) 1 1
Unit width sediment discharge qs (m
2 yr1) 4.2 7.3
Depositional length Ld (km) 20 20
Catchment length Lc (km) 20 20
Catchment relief Rc (km) 1.5 2.6
Area ratio / = Ad/Ac 1 1
Catchment averaged erosion rate
(no solutes) <E> (mm yr1)
0.21 0.36
Maximum tectonic subsidence rmax (mm yr
1) 1.5 2.6
Reciprocal (e-folding) decay length for negative
exponential accommodation model a (m1)
0.00025 0.00025
Erosion/accommodation ratio <E >/rmax 7 7
Catchment expansion
Mean annual precipitation a (m yr1) 1 1
Unit width sediment discharge qs (m
2 yr1) 2.5 8.8
Depositional length Ld (km) 10 40
Catchment length Lc (km) 14 33
Catchment relief Rc (km) 1.2 2.2
System width W (km) 5 10
Area ratio / = Ad/Ac 1 1.5
Catchment averaged erosion rate
(no solutes) <E> mm yr1
0.17 0.62
Maximum tectonic subsidence rmax (mm yr
1) 1.8 1.6
Reciprocal (e-folding) decay length for negative
exponential accommodation model a (m1)
0.0005 0.000125
Erosion/accommodation ratio <E >/rmax 10 2.5
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ment outlet. Results from a number of studies in
which a tectonic displacement field, U(x,t), is
incorporated in a diffusion model for elevation
change (Simpson & Schlunegger, 2003; Armitage
et al., 2011) indicate transient increases in sedi-
ment discharge by a factor approximately equal
to the change in slip rate or uplift rate, over a
response time of ca 1 Myr, before reaching a
new, higher, baseline. Importantly, an increase
in tectonic flux resulting from shortening in the
orogen will most probably be accompanied by
an increase in accommodation generation by
flexure (Allen & Allen, 2005). Consequently, the
increased sediment discharge will be contained
within the existing depositional length, with an
initial transient backstepping (Heller et al.,
1988; Densmore et al., 2007; Armitage et al.,
2011). Sediment thicknesses will increase in the
new steady state of increased tectonic flux, but
values of rmax/<E > will change little as a result
of the change in tectonic flux (Table 1).
The effects of catchment expansion
Changes in the size and relief of catchments cause
changes in the rate of sediment delivery to depo-
qs
qs
σ
σ
Ld
Ld
Depositional length
Ld increases
Effect of a rapid climate change
σmax/
reduces
Lc
Lc
max
max
Moderate rate of downstream fining
High rate of downstream fining
A
B
Transien t
‘c l ima te s pik
e’
Stratigraphic onlap
and gravel front
progradation
Onlap
<E>
<E>
<E>
Fig. 9. Schematic diagram showing the impact of a rapid climate change [from dry (A) to wet (B)] on a sediment
routing system with feedbacks as described in the text. The wetter climate increases the sediment supply to the
basin by increasing erosion, which causes a lengthening of the depositional system, producing stratigraphic onlap
and a reduction in the ratio of rmax/<E>. After a response time, in the absence of a change of tectonic uplift rate,
catchment slopes will decrease under the wetter conditions, reducing qs and causing stratigraphic offlap as the
depositional length reduces. The result is a short-lived (<1 Myr) ‘climate spike’.
Table 2. Parameters derived directly or indirectly from field observations and analytical data, mid Eocene–lower
Oligocene, southern Pyrenees.
Catchment
length
Lc (km)
Catchment
area
Ac (km
2)
Distance to
gravel front
Lg (km)
Outlet
spacing
(km)
Transverse
basin width
W (km)
Erosion rate
(thermochronology)
(mm yr1)
Maximum
subsidence
rate Smax
(mm yr1)
Type 1:
Collegats/
Ermita (mid-
Eocene)
12 36 6 6 15 0.3 to 1.5 0.25
Type 2: Montsor
(late Eocene)
50 625 35 30 30 0.3 0.20
Type 3: Antist
(Oligocene)
60 900 50 ?30 100 1.0 to 1.5 0.10
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sitional basins (Fig. 11). Increasing the catchment
length from ca 14 to 28 km (equivalent to Ld
increasing from 10 to 40 km and / from 1 to 2)
will be accompanied by a reduction in average
catchment slope (from 0084 to 0069), but this is
insufficient to offset the effect of increasing catch-
ment size (Table 1). As a result, sediment dis-
charges per unit width increase slightly.
Catchment-averaged erosion rates increase
strongly, because of the large effects of the
increased length of concentrative flow, whereas
the maximum tectonic subsidence for perfect fill-
ing reduces as a result of the lengthening of the
depositional system. Consequently, the ratio
rmax/<E > reduces drastically as a result of catch-
ment expansion. Thinner isopachs are expected
proximally, and strong distal expansion of a sheet
of polymictic sediment would be likely. If maxi-
mum rates of subsidence remain constant during
catchment expansion, rather than reducing, a
smaller amount of system lengthening would be
required. However, the more plausible geological
scenario is that a regional slowing of tectonic sub-
sidence rates is likely to be associated with catch-
ment expansion.
Catchment expansion may be linked to cli-
mate change or tectonic reorganizations. If asso-
ciated with an increase in precipitation, a very
marked increase in sediment discharge to depo-
sitional basins would be expected, without a sig-
qs
qs
σ
σ
Ld
Ld
Rate of sedimentation
increases
Effect of an increase in rate of tectonic uplift
σmax/
Lc
Lc
max
max
Little change in
No change in rate of downstream fining
A
B
<E>
<E>
<E>
Fig. 10. Schematic diagram showing the effect of an
increase in tectonic uplift rate on a sediment routing
system with feedbacks as described in the text. The
increased tectonic activity in panel (B) is assumed to
increase the erosion rate and the sediment efflux, and
to increase the rate of accommodation generation in
the basin, increasing sediment thicknesses, but caus-
ing little change in the depositional length and in the
ratio rmax/<E>. The new tectonic uplift rate ensures
that the baseline sediment efflux remains higher after
the step change from (A) to (B).
qs
qs
σ
<E>
σ
Ld
Effect of catchment expansion
Lc
Lc
max
max
qs
σ
Lc
max
Ld
Ld
A
B
C
High rate of downstream fining
Very low rate of downstream fining
Very low rate of downstream fining
Systems lengthens;
sheet geometry σmax/
Strong reduction
 in
Extended depositional
length σmax/
Strong reduction
 in
Rate of sedimentation
increases
<E>
<E>
<E>
<E>
Fig. 11. Schematic diagram showing the effect of catchment expansion on a sediment routing system with feed-
backs as described in the text. An increase in catchment size from (A) to (B) takes place accompanied by system
lengthening but without a change in the tectonic subsidence rate or in the sediment discharge per unit width.
This results in a strong reduction in the ratio rmax/<E>. If catchment expansion is associated with a climate
change (from dry to wet) the resulting higher sediment efflux causes even greater system lengthening and a stronger
reduction in rmax/<E> (C).
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nificant increase in accommodation generation,
leading to major system lengthening and the
spreading of an extensive gravel wedge, with a
major reduction in rmax/<E > and a small
increase in stratigraphic thicknesses due to sedi-
ment loading (Fig. 11C).
It is clear that changes in the length scales of
the depositional and erosional parts of the sedi-
ment routing system are an effective way of
responding to climate and tectonic changes. In
combination with information on sediment
accumulation rates and erosion rates, mapped
variations in system length (or a proxy of the
gravel front) form the basis for a dynamic under-
standing of the evolution of sediment routing
systems in the geological past. The sediment
routing system responses and feedbacks sug-
gested above resonate with two-dimensional
experiments on stratigraphic response to tectonic
activity and quiescence (Heller et al., 1988). The
present authors propose that these simplified
two-dimensional representations of system
behaviour are the starting point for numerical
models in two and three-dimensions (Clevis
et al., 2003, 2004; Armitage et al., 2011) that
include transient responses.
RESULTS
An application of the bulk diffusion theory is
carried out in the southern Pyrenees, one of the
best-documented mountain belt and foreland
basin systems (Mu~noz, 1992; Sinclair et al.,
2005), where the sedimentological, tectonic,
climatic and exhumational history are well-
constrained during the Eocene–Oligocene inter-
val (between 42 and 27 Ma). The Pyrenees is an
east–west trending mountain belt that shortened
diachronously from east to west due to oblique
collision between the Iberian and European con-
tinental lithospheres between the Late Creta-
ceous and Miocene (Choukroune, 1992; Mu~noz,
1992). Syn-tectonic wedge-top basins formed on
the southern flank of a bivergent wedge (Fig. 12),
delimited by emergent thrust-related structures,
that guided sediment routing systems (Puigdef-
abregas & Souquet, 1986; Burbank et al., 1992;
Millan et al., 1994; Verges et al., 1995, 2002).
Bedrock apatite fission track data from the main
axis of the Pyrenees and detrital zircon and apa-
tite fission track data from the adjacent sedimen-
tary basins constrain the exhumational history
of the Pyrenees over the Late Cretaceous–Oligo-
cene interval (Fitzgerald et al., 1999; Sinclair
et al., 2005; Gibson et al., 2007; Metcalf et al.,
2009; Beamud et al., 2011; Whitchurch et al.,
2011; Filleaudeau et al., 2012). These data sug-
gest an exhumation event at 50 to 40 Ma (Lute-
tian) associated with crustal thickening. By ca
40 Ma, close to the Lutetian–Bartonian bound-
ary, major transverse sediment feeder systems
(such as the Sis palaeovalley and Gurb-Pobla
system) were established, perhaps reflecting
increased topographic relief in the Pyrenees
(Vincent, 2001; Whitchurch et al., 2011). By the
Eocene–Oligocene transition at ca 34 Ma, an
extensive sheet of late orogenic conglomerates
backstepped onto the Axial Zone (Coney et al.,
1996; Babault et al., 2005), accompanied by high
rates of exhumation in the orogen. At approxi-
mately the same time, the Ebro Basin foredeep
became internally drained (Costa et al., 2010).
Oxygen isotope data from marine molluscs in
the Ebro pro-foreland basin suggest a significant
growth of topographic relief (<2 km) between 49
and 41 Ma in the central Pyrenees (Huyghe
et al., 2012). The present-day highest peak is at
3404 m, and present-day rivers drain trans-
versely across the fold–thrust belt to the Ebro
River. Catchments extend back to the main
drainage divide of the Pyrenees and cut through
the frontal deformation zone of the External
Sierras with a mean spacing of ca 25 km.
Using the theory given above it is possible to
converge on reasonable estimates for variations
of the sediment supply by narrowing down the
range of mean annual rainfall by use of: (i) the
size of the sediment routing systems based on
mapping of basin lithologies, including the
downstream extent of gravel from entry points
of sediment feeder systems; (ii) the average ero-
sion rate of contributing catchments derived
from in situ thermochronology (Fitzgerald et al.,
1999; Gibson et al., 2007; Metcalf et al., 2009;
Whitchurch et al., 2011); and (iii) the maximum
Fig. 12. (A) Location and geological map of the Pyrenean south-central unit, showing the main structures and
sediment entry points into the northern part of the wedge-top and foreland basin system. (B) Detail, showing the
location of the La Pobla de Segur, Gurp and Sis outcrops. The white box encloses the Pobla Basin. (C) Correlation
between Sis (‘1’) and Pobla (‘2’) successions, with magneto-chronology and faunal/floral data points indicated by
asterisks.
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rate of tectonic subsidence derived from sedi-
ment thicknesses and bio/magnetostratigraphy
(Mellere & Marzo, 1992; Mellere, 1993; Beamud
et al., 2003; Whitchurch et al., 2011; Whittaker
et al., 2011).
The proximal, gravel-dominated sedimentary
deposits associated with mountain building in
the Pyrenean mountain belt during the Eocene
(Bartonian to Priabonian, ca 42 to 34 Ma) to
Oligocene (ca 34 to 27 Ma) are preserved in the
south-central tectonic unit (Mellere, 1993;
Beamud et al., 2003, 2007) (Fig. 12). Similar
proximal gravel-rich systems surround the Ebro
Basin along its Pyrenean and Catalanides mar-
gins (Arenas et al., 2001; Jones et al., 2004; Saez
et al., 2007; Barrier et al., 2010). Eocene gravel-
rich systems represent stacked fan and fluvial
deposits (Mellere & Marzo, 1992; Mellere, 1993;
Vincent, 2001; Whittaker et al., 2011; Parsons
et al., 2012) that prograded roughly south to
south-westwards down palaeoslopes controlled
by tectonic deformation in the fold–thrust belt
(Verges & Burbank, 1996; Verges, 2007) and fed
longitudinal (strike-parallel) east to west flowing
fluvial systems (Puigdefabregas et al., 1992;
Nijman, 1998; Michael, 2013). The unconform-
ably overlying Oligocene conglomerates spread
transversely across the Tremp-Graus Basin and
spilled into the Ebro foredeep beyond the Exter-
nal Sierras (Hirst & Nichols, 1986; Coney et al.,
1996; Yuste et al., 2004; Luzon, 2005).
A number of different styles of sediment rou-
ting system can be distinguished in the south-
central unit of the Pyrenees in the mid Eocene
to Oligocene. In the Pobla Basin, a syn-compres-
sional wedge-top basin between the frontal Boi-
xols Thrust in the south-east and the Morreres
Backthrust in the north (Mun˜oz, 1992; Mellere,
1993), the proximal fan successions have been
biostratigraphically and magnetostratigraphically
dated (Beamud et al., 2003, 2007), investigated
sedimentologically (Mellere & Marzo, 1992;
Mellere, 1993) and have been subject to a
detailed analysis of downstream variation in
clast size and composition (Duller et al., 2010;
Whittaker et al., 2011).
The Montsor and Collegats systems of the
Pobla Basin are distinctive in their clast compo-
sitions, gravel bodies and intervening floodplain
and palaeosol characteristics, which together
give marked colour contrasts easily recognized
in the field. The Montsor is the larger of the two
fan systems, with a gravel front 20 to 40 km
from the fan apex, that contains a variety of clast
lithologies reflecting derivation from diverse
sources in the Nogueres Zone and Axial Zone of
the Pyrenees. The Montsor fan system can be
divided into three stratigraphic units (M1, M2
and M3) comprising individually coarsening-up
packages separated by thin lacustrine intervals,
forming a thickening up set/stack (M1 is ca
100 m thick, M3 is >300 m thick). The Montsor
system has an overall orange appearance in the
field.
The ca 800 m thick Collegats fan system in
contrast is grey, due to the abundance of carbon-
ate clasts, derived locally from Mesozoic strata
uplifted in the hangingwall of the Morreres
Backthrust. Conglomerates extend 4 to 7 km into
the Pobla Basin, and interfinger with the Mont-
sor system along the Pallaresa River section. The
individual fan units, C1, C2 and C3, are approxi-
mately coeval with Montsor units M1, M2 and
M3. The Collegats fan system is at its thickest
close to the Morreres Backthrust and thins
distally.
The Oligocene Antist Group (Mellere, 1993)
spreads as a sheet of conglomerate with a gravel
front located at least 60 km from the apex
region, which is difficult to determine because
the Antist Group extends headwards from the
Pobla Basin, over the Senterada Basin to the
north of the Morreres Backthrust. These con-
glomerates, composed of clasts from varied
sources in the Axial Zone and Nogueres Zone,
are found across the south Pyrenean wedge-top
region, and are variously called the Collegats
Conglomerate or Upper Campodarbe Group (Vin-
cent, 2001; Babault et al., 2005). In the Pobla
Basin, the Antist Group is dated 34 to 27 Ma
(Beamud et al., 2003, 2007) and is >300 m thick,
with a prominent basal unconformity and a
truncated top due to recent erosion. At the
southern limit of the Tremp-Graus Basin, the
Antist Group is >2 km thick and dominated by
sandstones (Luzon, 2005).
Based on sedimentary thicknesses and age con-
straints (Beamud et al., 2003), sediment accumu-
lation rates were 019 mm yr1 for the time
period 41 to 40 Ma, 005 mm yr1 for 40 to
355 Ma and 018 mm yr1 for 355 to 34 Ma, giv-
ing an overall average of close to 01 mm yr1.
Sediment routing systems with gravel fans in
the Pobla Basin co-existed with other systems
draining the southern flank of the Pyrenean
orogen, such as the Sis palaeovalley (Vincent,
2001), which collectively fed major along-strike,
east-west flowing longitudinal river systems
that deposited the mid-late Eocene Escanilla
Formation (Bentham et al., 1993; Labourdette &
© 2012 The Authors. Journal compilation © 2012 International Association of Sedimentologists, Sedimentology, 60, 102–130
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Jones, 2007; Michael, 2013). The east–west con-
finement of river systems indicates the continuing
role of thrust-related structures on sediment dis-
persal (Verges & Burbank, 1996; Verges, 2007).
However, the extensive gravel ‘drape’ of Oligocene
age (Coney et al., 1996; Babault et al., 2005),
which represents the deposits of a dispersal sys-
tem that exported sediment into the distal fore-
deep of the Ebro Basin (Nichols & Hirst, 1998;
Luzon, 2005) 100 to 170 km distant (measured
along the sediment routing system fairway),
appears to have covered the entire wedge-top
region and distributed gravel transversely down
the regional palaeoslope.
In summary, three geological settings are con-
sidered for the assessment of Qs (Figs 13 to 15):
(Type 1) Small fans fed from catchments eroding
into the carbonate-dominated successions of the
fold–thrust belt, filling relatively small, structu-
rally confined wedge-top basins occupied by
lakes and marshes. This is typical of the mid-
Eocene Collegats system of the Pobla Basin
(Mellere & Marzo, 1992; Mellere, 1993; Beamud
et al., 2003). (Type 2) Larger fans fed from catch-
ments extending into the Axial Zone of the
south-central Pyrenees, prograding into a wedge-
top basin and exporting sediment down the
system to the Tremp Basin in the form of axial
rivers. This is typical of the upper Eocene Mont-
sor and Gurb systems in the Pallaresa Group of
the Pobla Basin (Mellere, 1993; Beamud et al.,
2003), which fed the Escanilla sediment routing
system (Bentham & Burbank, 1996; Bentham
et al., 1993). (Type 3) Large coalesced fans form-
ing a piedmont, fed from catchments extending
to the main drainage divide, spreading sediment
transversely to the Ebro foredeep, burying most
tectonic structures (Coney et al., 1996; Nichols
& Hirst, 1998; Babault et al., 2005). The lower
Oligocene Antist Group of the Pobla Basin, and
correlative Upper Campodarbe Group of the
Tremp-Graus, Ainsa and Jaca basins, are exam-
ples (Mellere, 1993; Vincent, 2001).
The most plausible set of parameter values for
the styles of sediment routing system found in
the Pobla Basin are given in Tables 2 and 3. For
each sediment routing system, the method was
to use the mapped position of the gravel front,
outlet spacing and provenance indicators
(including U–Pb geochronology of detrital zir-
cons, apatite and zircon fission track ages, heavy
minerals, clast compositions, and palaeocurrent
directions, with details given or reviewed by
Mellere, 1993; Morris et al., 1998; Fitzgerald
et al., 1999; Vincent, 2001; Yuste et al., 2004;
Sinclair et al., 2005; Gibson et al., 2007; Jolivet
et al., 2007; Metcalf et al., 2009; Beamud et al.,
2003, 2011; Whitchurch et al., 2011; Whittaker
et al., 2011; Parsons et al., 2012) to guide the
estimation of the location and size of the source
catchment, and thereby its relief, spatially aver-
aged slope and slope at the catchment outlet.
Catchment length and slope at the outlet
allowed calculation of bulk diffusivity, sediment
Total sediment
discharge Qs 
Local frontal catchments
mainly within fold-thrust belt
Steep fans infilling
wedge-top synclines
Depositional  length L
 
Wedge-top basin
confined by
structural highs
Sediment routing system (1)
Erosion of locally-
derived (external
fold-thrust belt)
lithologies
Rapid downstream fining
Fig. 13. Cartoon of the small sediment routing systems typical of the Collegats fan of the Pobla Basin. The geolog-
ical structure is schematic, but illustrative of wedge-top basins filled with carbonate-dominated sediment derived
principally from the external fold–thrust belt. Indicative parameter values are shown in Tables 2 and 3.
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discharge per unit width, total sediment supply
rate and model catchment-averaged erosion rate
for a range of mean annual precipitation. The
percentage of the total sediment supply pre-
served in basin margin fans and the percentage
filling of the basin was also calculated (Table 3).
For percentage filling, accommodation volumes
of the basins were estimated by taking a palin-
spastic basin size, an observed catchment spac-
ing and two geometrical models for subsidence
(rectangular tank and simple wedge). In addi-
tion, an assumption was made that there was
negligible backshedding of sediment from the
tilted footwall or fold back-limb of wedge-top
basins. Model values of erosion rate are
compared with values derived from thermochro-
nology and from a global regression for particu-
late sediment yield, and model values of
tectonic subsidence rates are compared with
sediment accumulation rates derived from sedi-
ment thickness and biostratigraphic and mag-
netostratigraphic chronologies.
For the small steep fans fed from relatively
small thrust hangingwall catchments, which are
referred to as Type 1, a matching of calculated
catchment erosion rates and values derived from
Lc
Ld
Total sediment
discharge Qs
Sediment dispersal influenced by structural activity
within wedge-top: deflection westwards into
longitudinal systems
Sediment routing system (2)
Erosion of external
fold-thrust belt and
Axial Zone
Fig. 14. Cartoon of the sediment routing systems typical of the Montsor fan of the Pobla Basin. The geological
structure is schematic, but illustrative of sediment dispersal into basins occupying the Pyrenean pro-wedge top
from large catchments exhuming rocks from the Axial Zone. Sediment transport was directed into longitudinal
pathways by the effects of tectonic deformation. Indicative parameter values are shown in Tables 2 and 3.
Internal zones
Granite
plutons
Palaeozoic
Total sediment
discharge Qs
Sediment piedmont buries fold-thrust belt
Sediment exported
to Ebro foredeep
Catchments extend
to main drainage
divide of Pyrenees
Sediment routing system (3)
Slow rate of downstream fining
Transverse fan systems extend to Ebro foredeep
Fig. 15. Cartoon of the large sediment routing systems typical of the Antist Group. The geological structure is
schematic, but illustrative of catchments stretching back to the main drainage divide, exhuming principally inter-
nal zone rocks and burying the pro wedge-top in a coalesced piedmont of gravel. Indicative parameter values are
shown in Tables 2 and 3.
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thermochronology suggests that mean annual
rainfall was 1 to 15 m yr1, with sediment dis-
charges per unit width of 5 to 10 m2 yr1 and
total sediment discharge per catchment Qs of 15
to 60 km3 Myr1. Maximum sediment accumula-
tion rates derived from isopachs are 025 mm
yr1. Accommodation was sufficiently large in
relation to the sediment discharge to promote
basin underfilling, and a relatively high percen-
tage of the sediment supply was trapped and
preserved in conglomeratic transverse fans. The
budget deficit severely limited far-field sediment
transport and favoured internal drainage, as sup-
ported by the presence of lake deposits in the
Ermita Group (Mellere, 1993). Small, steep fans
bordering unfilled accommodation are typical of
small sediment discharges and short diffusion
time scales.
An increase in unit width sediment discharge
(qs,o ca 20 m
2 yr1) and total sediment discharge
(Qs ca 250 km
3 Myr1) from larger catchments
reaching further back towards the main drainage
divide of the mountain chain caused fans to fill
tectonically active basins situated on the wedge-
top, such as the Pobla Basin, with significant
axial sediment transport (Type 2). Sediment
accumulated at a maximum rate of 02 mm yr1.
A relatively small amount of the total sediment
supply was preserved in proximal fan systems.
The progradation of the Montsor fan system may
reflect the progressive filling over time of the
available accommodation at a higher, but con-
stant, sediment discharge level and need not
reflect a secular increase in sediment discharge.
The Montsor fans were considerably longer than
those of Type 1, and presumably shallower in
surface slope, as expected from the higher
sediment discharge and long diffusive time scale
over which they developed (>1 Myr). The Mont-
sor system filled the available proximal accom-
modation and exported sediment longitudinally
into the Escanilla system of the Tremp-Graus–
Ainsa basins, guided by active thrust structures.
High sediment supplies (qs,o ca 50 m
2 yr1;
Qs > 800 km
3 Myr1) accompanied by a reduc-
tion of accommodation on the flank of the orogen
are expected to cause strong positive sediment
budgets and overfilling of available accommoda-
tion (Type 3). The Antist Group accumulated at a
maximum rate of 01 mm yr1. Relatively small
volumes of sediment were sequestered in proxi-
mal fan systems, and large quantities were con-
veyed transversely from the orogenic flank to the
distant foredeep in the form of a coalesced baj-
ada. Sediment transport directions were onlyT
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weakly influenced by the underlying tectonic
grain, but focussed exit points for sediment dis-
persal into the Ebro foredeep at breaches in the
External Sierras (Hirst & Nichols, 1986). Low
depositional slopes and long depositional
lengths are features typical of high sediment dis-
charges, particularly when combined with low
rates of accommodation generation. This combi-
nation led to overfilling of the wedge-top basin
by essentially transverse megafans and the export
of high sediment volumes to down-system depo-
centres.
DISCUSSION: APPLICATION TO OTHER
FORELAND BASIN SYSTEMS
Based on these results from the Pyrenees, there
is a temporal evolution from: (i) mid-upper
Eocene, relatively small, steep systems deliver-
ing small volumes of sediment to syntectonic
wedge-top basins, partly coeval with larger-dis-
charge progradational systems confined longitu-
dinally by structural highs in the wedge-top
zone; to (ii) a lower Oligocene, transverse system
with still larger sediment discharge, spreading
sediment to a distant foredeep. It is important to
evaluate the mechanisms driving this trend over
the time period 42 to 27 Ma in the south-central
unit of the Pyrenees, because the temporal evo-
lution may be of generic interest in the growth
and decay of mountain belts.
From mid-Eocene to Oligocene, the gravel
front in the south-central tectonic unit of the
Pyrenees migrated from close to the northern
edge of the fold–thrust belt into the foreland
basin. Longitudinal sediment routing systems
directed by emergent and blind tectonic struc-
tures were replaced by an extensive, flow trans-
verse piedmont. The southward extension of the
gravel-rich sediment routing systems reflects the
diminishing accommodation on the southern
flank of the Pyrenees relative to sediment sup-
ply. The Oligocene ‘late orogenic drape’ (Coney
et al., 1996) may therefore be principally a result
of diminishing accommodation in the fold–
thrust belt and proximal foreland, initially
accompanied by sustained sediment supply
from a relatively rapidly exhuming mountain
belt. Burbank (1992) recognized the spreading of
gravel-rich sedimentary systems during ero-
sional rebound.
The role played by climate change in this
transition to a late-orogenic or post-orogenic
phase is debatable. However, it is notable that
the Ebro Basin became internally drained at ca
35 Ma (Garcia-Castellanos et al., 2003), allowing
salt deposition in lakes in the Ebro foredeep
while base levels for Pyrenean palaeo-rivers rose
due to widespread basin sedimentation.
The evolution of sediment dispersal patterns
in response to changing sediment budgets may
be a common feature of other foreland basin sys-
tems in addition to the southern Pyrenees (Whit-
church et al., 2011). Addressing this possibility
is hampered by the lack of quantitative informa-
tion with which to constrain a sediment budget.
Therefore, the quantitative understandings
gained in the Pyrenean studies can be used to
qualitatively identify the possible connections
between tectonic evolution, surface processes
and sediment budgets in other well-documented
Cenozoic orogen-foreland basin systems in Western
Europe. Recognition of these connections may
enable more dynamical views of the coupling
and feedbacks between orogenic evolution,
including patterns of exhumation and structural
activity, and sedimentary processes, such as sed-
iment effluxes, sediment routing and sedimenta-
tion rates, to be established (Stolar et al., 2006;
Stockmal et al., 2007; Sinclair & Naylor, 2012).
Wedge-top (piggy-back or thrust-sheet-top)
basins have characteristic dimensions, subsi-
dence rates and lifetimes. The northern Apen-
nines of Italy are characterized by an array of
seven equally spaced (ca 20 km) anticlines in
the Umbria–Marche transect (Barchi et al., 1998;
Basili & Barba, 2007) which developed diachro-
nously from Miocene (ca 20 Ma) to present-day.
These anticlines delimit narrow (<20 km)
wedge-top or inner foredeep basins (Fig. 16)
with average sediment accumulation rates from
02 to 1 mm yr1 over short time spans of ca
5 Myr. The foredeep sensu stricto, located in the
Adriatic Sea, is underfilled (Artoni, 2007). The
classic Italian flysch units of the Macigno, Cer-
varola and Marnoso arenacea were deposited
during the Oligocene–Miocene interval in basins
of this type (Ricci Lucchi, 1986). Fluxes from
the Apennine chain were never sufficiently large
to fill the available accommodation during the
‘flysch’ stage. At the present-day, relatively
small and closely spaced transverse rivers drain
to the Adriatic Sea across the fold–thrust belt of
the northern Apennines and the adjacent coastal
plain (Alvarez, 1999; Scarselli et al., 2007).
In contrast, the wedge-top region of the inner
North Alpine Foreland Basin of Switzerland was
predominantly erosional, acting as a zone of
transit towards major foredeep depocentres via
© 2012 The Authors. Journal compilation © 2012 International Association of Sedimentologists, Sedimentology, 60, 102–130
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regularly spaced transverse fan systems from
approximately late Oligocene (32 Ma) onwards
(K€uhni & Pfiffner, 2001; Kuhlemann & Kempf,
2002; Schlunegger et al., 2007) (Fig. 17). Sedi-
ment accumulation rates in the proximal fore-
deep fans were ca 03 mm yr1, but the lack of
mobility of the Alpine tectonic front in the Mio-
cene (Homewood et al., 1986; Sinclair & Allen,
1992; K€uhni & Pfiffner, 2001) allowed deposi-
tion to continue for ca 20 Myr before rebound of
the entire foreland basin system. In the proximal
North Alpine Foreland Basin, the Palaeocene–
Eocene North Helvetic Flysch filled limited
wedge-top basins, as in the Val d’Illiez flysch
(Homewood, 1983, 1988 Mayoraz et al., 1988)
and inner Taveyannaz Basin (Sinclair, 1992),
but most sedimentation appears to have taken
place in narrow proximal foredeeps. Palaeocur-
rents in the Taveyannaz Basin indicate axial–
longitudinal sediment transport directions. By
the time of basin filling, however, the upper Oli-
gocene Lower Freshwater Molasse was supplied
by coarse transverse megafans that turned into
axial fluviolacustrine systems in the flexural
foredeep. This transition corresponds to a period
of increased sediment supply from the evolving
orogenic wedge (Kuhlemann, 2000; Schlunegger
et al., 2007).
The southern Pyrenees appear to present an
intermediate situation, with a small number
(three/four) of wedge-top basins from 15 to
50 km wide, separated by diachronously active
structural culminations, linked to a well-deve-
loped Ebro Basin foredeep depocentre (Nichols
& Hirst, 1998; Arenas et al., 2001; Garcia-Castell-
anos et al., 2003; Luzon, 2005; Sinclair, 2012)
(Fig. 18). In the wedge-top region, sediment
accumulation rates were moderately high during
the Eocene–early Oligocene (01 to 03 mm yr1),
and syntectonic sedimentation took place over
periods of ca 15 Myr in the Pobla Basin, ca
40 Myr in the Tremp-Graus Basin and >15 Myr
in the Ager Basin (Mu~noz, 1992; Puigdefabregas
et al., 1992; Beamud et al., 2003; Sinclair et al.,
2005; Verges, 2007; Whitchurch et al., 2011). In
the early Oligocene, rivers drained transversely
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across the underlying structural grain forming a
coalesced bajada (Coney et al., 1996; Babault
et al., 2005). The southern Pyrenees therefore
illustrate the changing impact of Qs on down-
system sediment routing, but the iconic feature
of the region is the development of wide wedge-
top basins occupied by axially draining river
systems feeding a sea located in the west. It is
inferred that, during this phase, sediment dis-
charges were sufficiently high to cause major
east–west facies progradation, but sufficiently
low in relation to tectonic deformation rates to
be guided longitudinally rather than spreading
transversely down the regional palaeoslope.
The various expressions of foreland basin sys-
tems in the Cenozoic of Western Europe indicate
that the sediment supply Qs is a key factor in
determining the structural style of wedge-top
basins and the routing of sediment to down-sys-
tem depocentres, supporting numerical models
targeted at exploring the coupling between sur-
face processes and tectonics (Simpson, 2004a,b,
2006a,b). In numerical models, when surface pro-
cesses are relatively unimportant, an array of reg-
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ularly spaced anticlines and short-lived wedge-
top basins dominates the zone of contractional
deformation. In contrast, a broad, long-lived sedi-
ment-filled foredeep and limited wedge-top depo-
sition is found where surface processes are
relatively important. Wedge-top development is
also sensitive to the strength of the basal detach-
ment (Ford, 2004). Low-strength basal detach-
ments (such as provided by salt) favour low
surface slopes to critically tapered orogenic
wedges, thereby promoting extensive deposi-
tional wedge-top regions relative to the steep, ero-
sional wedge-tops associated with high strength
basal detachments. In either case, the expectation
would be that the geometry of the deformation
and mean slope of the wedge-top region would be
connected to the magnitude of the sediment sup-
ply Qs from the mountain belt.
On this basis, the salt-based Apennines stand
out as a low-Qs mountain belt where surface
processes are relatively unimportant in their
coupling with tectonic deformation. The low Qs
compared with tectonic accommodation genera-
tion results in underfilled marine ‘flysch basins’
with axial–longitudinal sediment transport
(Fig. 16). The south-central Pyrenean unit con-
tains a small number of relatively large wedge-
top basins that were perfectly filled with
moderate sediment discharges, giving thick shal-
low marine and continental sedimentation in
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the Eocene (Fig. 17). The North Alpine foreland
basin system of Switzerland in its ‘Molasse’
phase is a high-Qs example. It lacked well-deve-
loped wedge-top basins but included a major
foredeep, indicative of high sediment dis-
charges. High sediment discharges from the late
Oligocene onwards caused the development of
transverse megafans dispersing sediment far-
field into the main foredeep trough (Fig. 18).
CONCLUSIONS
The magnitude and spatial distribution of
sediment supply to the transportational and
depositional segments of sediment routing sys-
tems is critical to the prediction of down-system
stratigraphic trends. Insights into the Qs problem
were gained by treating the sediment supply
from the ‘erosional engine’ as approximated by a
bulk diffusive approach (that is, flux propor-
tional to slope), where the bulk diffusivity is
controlled by climatic variables and the length
of concentrative flow.
The ratio of sediment discharge to available
accommodation controls basin filling, down-
stream fining of gravel and sand, gross deposi-
tional environments and facies, and the
development of transverse versus axial drainage.
Using a model of a basin bordered by a vertical
fault with a linear reduction of subsidence rate
to a basin hinge, the sediment discharges from
each flank and the discharges from fans to axial
system, control the widths of hangingwall-
derived and footwall-derived fans. Using dis-
charges obtained by the bulk diffusive model
and mapped fan lengths from field observations,
it was possible to recognize the effects of the
changing sediment budget on the development
of drainage patterns in the mid-Eocene–lower
Oligocene wedge-top basins of the south-central
unit of the southern Pyrenees.
The linkages between sediment discharges and
sediment dispersal patterns found in the southern
Pyrenees may have generic value in understand-
ing other orogens and foreland basin systems.
Low-Qs orogens, such as the Apennines of Italy
during the Oligocene–Miocene, are typified by
axial–longitudinal sediment dispersal in narrow,
underfilled basins, whereas high-Qs examples,
such as the Alps of Switzerland in the Oligo-Mio-
cene ‘Molasse’ phase and the southern Pyrenees
in the Oligocene, have a well-defined, broad fore-
deep supplied by large transverse megafans.
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